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ABSTRACT

Monoclonal antibodies and their derivatives have emerged as one of the most successful
class of biologics in the past few decades. Antibodies are often formulated at high concentrations
in order to achieve the desired therapeutic levels on subcutaneous administration. Reversible
self-association and aggregation are two of the major challenges associated with formulating
high concentration antibodies. The use of static light scattering as a tool for characterizing selfassociation and aggregation in protein solutions is reviewed. A detailed understanding of the
effect of absorption on Rayleigh light scattering intensity and turbidity was developed for
wavelengths where both scattering and absorption occur simultaneously. Macromolecular
solutions of tyrosine-starch mixtures, bovine serum albumin and a monoclonal antibody were
used to understand the interdependence of Rayleigh scattering (at 90⁰ angle) and light absorption.
Results from the studies show that at wavelengths less than 300 nm, 90⁰ scattering intensity
decreases as a function of chromophore concentration and depends on molar absorptivity,
molecular weight and concentration of molecules. Furthermore, at wavelengths of 300 – 360 nm,
Rayleigh scattering intensity for macromolecular solutions was independent of chromophoric
absorption. Additionally, turbidity of tyrosine-starch mixtures was also measured in the
wavelength range of 250 – 360 nm. Turbidity of starch in the mixtures was independent of the
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tyrosine concentration at all wavelengths. These findings suggest that the decrease in 90⁰
scattering intensity observed at 250 – 300 nm for starch-tyrosine mixtures and proteins is
because of the reabsorption of scattered light by absorbing chromophores.
A novel method called UV light scattering, was developed to detect reversible and
irreversible aggregation by using static light scattering intensities in the UV range. The studies
demonstrate that UV light scattering can be used as a fast and rapid tool for detecting reversible
and irreversible aggregation in proteins at a wide range of concentrations. It can be used in highthroughput mode for screening different solution conditions and optimizing protein formulations
at an early development stage.
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Introduction, Aims and Organization of the Dissertation
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1. INTRODUCTION
The development of protein pharmaceuticals, especially monoclonal antibodies (MAbs),
has grown exponentially in the past few decades.1-7 The industry is now trending towards the
development of high concentration protein therapeutics that can be self-administered via the
subcutaneous route, to treat chronic diseases such as arthritis and different types of cancers.8-11
However, challenges such as high solution viscosity and compromised physical stability are
encountered when formulating proteins at high concentrations due to enhanced protein-protein
interactions (PPI).12,13
Currently, different techniques are used to characterize protein solutions under dilute and
semi-dilute conditions. For example, ultraviolet absorption spectroscopy is used to measure
protein concentrations;14,15 light scattering,16-19 and analytical ultracentrifugation20-22 are used for
determining the nature of PPI; circular dichorism,23,24 fluorescence,25,2625,26 and Fourier transform
infra-red spectroscopy are used to study the changes in the secondary structure of proteins. The
results of the dilute solution studies are used to predict the behavior of proteins at high
concentrations.
Reversible (self-association) and irreversible aggregation are two of the major degradation
pathways for proteins in solution. Reversible aggregates pose manufacturing and delivery
challenges as this can significantly increase solution viscosity.10,12,27,28 Additionally,
bioavailability and pharmacokinetic properties of proteins can also change due to self-association
of proteins.29 Furthermore, the long term storage of self-associated molecules can result in
formation of irreversible aggregates.12 Irreversible protein aggregates can cause fatal
immunogenic reactions, decrease drug potency and/or significantly increase solution viscosity.
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Thereby, aggregation (reversible and irreversible) negatively affect manufacturing, delivery and
quality of protein formulations, making it a critical concern when developing formulations.10,30,31
Static light scattering is rapid, non-invasive, and one of the most commonly used technique
to characterize molecular weight, protein-protein interactions and aggregation (reversible and
irreversible) of proteins in solution.32-38 The currently available techniques for characterizing
these properties are limited to dilute samples. The properties of proteins, however, can be
significantly different at high concentrations compared to the predictions made using results of
dilute solution studies.12,24,39 Thus, there is a lack of methods to directly study physical stability of
high concentration protein formulations. Furthermore, the current techniques such as AUC are
seldom used in early product development because of long experiment times, inability to perform
high-throughput analysis, higher level of operator expertize and complex data analysis. This
necessitates the development of a technique to characterize the properties of proteins such as
self-association and aggregation in a wide range of concentrations and at an early stage in
product development. Additionally, such a technique can be used to screen proteins under
different solution pH and ionic strengths to optimize the formulation in initial development
stages.

2. PROJECT OBJECTIVE
The present work focuses on broadening the application of static light scattering in the
ultraviolet wavelength range of 260 – 360 nm. The sensitivity of UV light scattering is
investigated to characterize physical instability in proteins in a wide range of concentrations.
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This will help in early screening and optimization of high concentration protein and antibody
formulations.

3. SPECIFIC OBJECTIVES
The specific aims of this work are:
a. Systematically investigate the effect of absorption on Rayleigh light scattering and turbidity
of macromolecular solutions.
b. Characterize reversible self-association of proteins in solution by using ultraviolet static light
scattering.
c. Detect and analyze the change in aggregate content of proteins in a wide range of
concentrations by ultraviolet static light scattering.

4. CHAPTER ORGANIZATION AND OUTLINE
Chapter 2 reviews the application of static light scattering to characterize different
properties of proteins in solutions such as molecular weight, protein-protein interactions,
reversible and irreversible aggregation. The basic modern instrumentation for light scattering is
discussed along with mathematical concepts that are involved in data analysis. The limitations
associated with current static light scattering techniques and aspects of broadening its application
to analysis of high concentration protein solutions has been summarized. Some of the key studies
in the area of protein-protein interactions, association and aggregation are discussed with a focus
high concentration solutions.
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Static light scattering intensity increases with the decrease in wavelength of incident light.
Thereby, using shorter wavelengths in the ultraviolet range can increase the sensitivity of the
technique. Presently available static light scattering instruments for protein analysis use laser
light sources with wavelengths greater than 600 nm to avoid interference from other optical
phenomenon such as absorption by protein chromophores. Chapter 3 presents a systematic
investigation of the effect of absorption on 90⁰ Rayleigh scattering intensity and turbidity of
macromolecular solutions. Solutions of small aromatic amino acid and large macromolecule
were used to determine the effect of absorption by amino acids on scattering by macromolecules.
The study further extends to understand the effect of molecular weight, molar absorptivity and
concentration of proteins on light scattering intensities in ultraviolet range.
After developing an understanding of effect of absorption on static light scattering in the
ultraviolet range, the following chapters test the sensitivity of the technique to study physical
stability of proteins in solution. Chapter 4 presents a systematic approach to develop ultraviolet
light scattering as a technique to detect reversible self-association of proteins in solution. The
studies have been conducted using β-lactoglobulin A and glutamate dehydrogenase as the model
proteins. β-lactoglobulin A was chosen for this purpose because its dimerization and association
constant under different solution conditions is well characterized. Glutamate dehydrogenase was
chosen because it undergoes concentration based reversible self-association, which is a known
concern for high concentration monoclonal antibody formulations. This work was critical to
investigate the application of ultraviolet light scattering as a high-throughput technique to detect
reversible self-association in protein formulations.
The work presented in Chapter 5 is focuses on investigating the application of ultraviolet
static light scattering as a technique to detect changes in aggregates in protein formulations. The
5

present techniques for measuring aggregates requires dilution of sample to low concentration and
the information about concentrated protein behavior goes undetected. Thereby, another purpose
of the work was to investigate aggregation in a wide range of protein concentrations. The studies
were conducted using bovine serum albumin, β-lactoglobulin and a monoclonal antibody in the
concentration range of 2 – 50 mg/mL. The work was useful in expanding the application of static
light scattering to the ultraviolet range and investigating its use for detecting aggregation in
protein solutions.
Chapter 6 gives a summary of the present research work.
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Chapter 2

Static Light Scattering as a Tool for Characterizing Reversible Self-association and
Aggregation in Protein Solutions
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1. INTRODUCTION
In the past few decades, monoclonal antibodies (MAbs) and MAb derivatives have
emerged as the most successful class of biotherapeutics, for the treatment of chronic diseases
such as autoimmune disorders, inflammation and various types of cancers.1-7 In order to facilitate
patient compliance and outpatient administration, pharmaceutical research efforts are being
focused on development of formulations for subcutaneous delivery. High concentration
formulations are needed for achieving therapeutic level of MAbs via subcutaneous route.
Reversible self-association (RSA) and aggregation are two of the major challenges associated
with formulating high concentration MAb solutions.8-10 Static light scattering is one of the most
important tools for characterizing different properties of proteins in solution such as molecular
weight, protein-protein interactions, and protein self-association.11-16
When light hits a molecule, the electromagnetic radiation induces polarity by interacting
with the electrons in the molecule. The wave nature of the radiation causes fluctuations in the
induced polarity and the electrons of the molecule re-emit radiation of the same frequency in all
the directions. This phenomenon of elastic scattering is called static light scattering. The average
scattering intensity (𝑖𝑠 ) is measured at a fixed angle/angles and 𝑖𝑠 depends on the molecular
weight and intermolecular interactions of the protein molecules. It is a non-invasive technique in
which sample can be recovered for further analysis.

2. INSTRUMENTATION
A variety of SLS instruments are commercially available, with different costs and
applicability. The hardware and software used for SLS is discussed in detail in specialized
reports,17-19 however, a brief overview of the instrumentation is provided in this section. All SLS
12

instruments consist of the following basic components (figure 1): light source, sample holder and
detector at fixed angle/angles.
2.1. Light Source
The commercially available SLS instruments use monochromatic laser (such as heliumneon or argon ion) light sources therefore, also referred to as laser light scattering. The laser
wavelength (𝜆0 ) can range anywhere between 600 – 700 nm. Higher wavelengths of incident
light are used for characterization of biomolecules (such as monoclonal antibodies or mAbs) to
prevent interference from other optical phenomena such as absorption and fluorescence.
2.2. Measurement Angle
The SLS measurements are classified based on the angle of measurement as low angle light
scattering (LALS, angle close to 0⁰), right angle light scattering (RALS, 90⁰), backscattering
(angles greater than 90⁰), and multi-angle light scattering (MALS, simultaneous measurements at
different angles). The presence of single or multiple angle/s (𝜃) of scattering intensity
measurement depends on the application of the technique. For example, for molecules of size
less than 𝜆0 /20 the scattering intensity does not have an angular dependence and a single angle
measurement is used to characterize size (molecular weight) of the particles. Whereas, for
molecules with size comparable to the wavelength of incident light, scattering intensity depends
on the angle at which it is measured and instruments with multi-angle measurement capabilities
are used to provide information about the shape and size (radius of gyration and molecular
weight) of the particles.
2.3. Detector
The detectors can be either a photo diode (cheap but relatively less sensitive) or
photomultiplier tube, PMT (expensive but very sensitive). Modern light scattering instruments
13

are equipped with PMT type of detectors. Some instruments also used flow cells and
chromatographic separation techniques before performing SLS measurements and operate in
high throughput manner, while others operate in batch mode.

3. APPLICATIONS
The propensity of proteins to self-associate and aggregate is governed by the net effect of
various attractive and repulsive intermolecular interactions. Therefore, early detection and
characterization of these instabilities is critical for protein formulators. Light scattering intensity
is sensitive to these nonspecific interactions and can give information about the intermolecular
interactions and weight-average molecular weight of protein species (discussed in the following
sections). The results are often used to predict the aggregation propensity of the formulation at
high concentration.20,21

3.1. Measuring nonideality and weight-average molecular weight
For non-interacting (ideal) scattering species, the time-average scattering intensity (𝑖𝑠 ) is
related to the molecular weight (𝑀𝑤 ) of the scatterer by constructing a Debye plot using the
following equation:17,22,23
𝐾𝑐
1
=
𝑅𝜃 𝑀𝑤

Equation 1

where 𝐾 is the optical constant, 𝑅𝜃 is the excess Rayleigh scattering ratio, 𝜃 is the scattering
angle, 𝑐 and 𝑀𝑤 are concentration and weight-average molecular weight of the scattering
molecule, respectively and:
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𝑖𝑠
𝑟2
𝑅𝜃 =
𝐼0 (1 + 𝑐𝑜𝑠 2 𝜃)

Equation 2

where 𝑖𝑠 is the scattering intensity, 𝐼0 is the intensity of incident light, 𝑟 is the distance between
the scattering molecule and the detector. The excess Rayleigh ratio depends on instrument
constants such as 𝑟 and 𝜃 and these parameters are commonly calibrated using toluene as a
standard.
4𝜋 2 𝑛2 𝑑𝑛 2
𝐾=
( )
𝑁𝐴 𝜆40 𝑑𝑐

Equation 3

The optical constant 𝐾 depends on the solution refractive index (𝑛), Avogadro’s number (𝑁𝐴 ),
wavelength of incident light in vacuum (𝜆0 ) and refractive index gradient for the
solvent/scattering molecule pair (𝑑𝑛⁄𝑑𝑐 ).
For dilute solutions of interacting species such as proteins, the scattering intensity per unit
volume is related to molecular weight (𝑀𝑤 ) and nonideality parameter (𝐵2) given by the
following equation:17,23
𝐾𝑐
1
=
+ 2𝐵2 𝑐 + ⋯
𝑅𝜃 𝑀𝑤

Equation 4

Under dilute solution limit the Rayleigh ratio (𝐾𝑐 ⁄𝑅𝜃 ) for proteins varies linearly with
concentration as shown by equation 4. The weight-average molecular weight and 𝐵2 for proteins
are obtained from the intercept and slope, respectively.
Proteins are charged molecules with a surface containing different amino acid residues.
These different groups give rise to intermolecular protein-protein interactions (PPIs). 𝐵2 is the
thermodynamic second virial coefficient and is used to characterize net PPIs in the solution. A
15

positive value of 𝐵2 indicates repulsive interactions dominate and a negative value means
attractive interactions dominate. When the attractive interactions equal the intermolecular
repulsion the value of 𝐵2 is zero. The net PPIs (thereby 𝐵2) depends on the solution conditions
such as pH,21,24-26 ionic strength,21,24-28 and presence of co-solutes.29 The 𝐵2 value for Lysozyme
becomes more negative on a pH increment of 3.5 to 7.5, indicating an increase in net
intermolecular attractions.26 Furthermore, an increase in sodium chloride (NaCl) concentration
also increased the net attractions by shielding the protein charge at pH of 4.5. In a different study
by Abbas et al.29 the effect of addition of polyols on the nature of PPIs in MAbs was studied
using 𝐵2 obtained from SLS analysis. The study showed that the value of 𝐵2 became less
negative on addition of trehalose or ethylene glycol indicating a decrease in net attractions.
Furthermore, the decrease in attractive interactions correlated with the decrease in aggregation
for the mAbs in the presence of polyols.
The other important application of SLS is to determine the weight-average molecular
weight of the scattering species. Scattering intensity (𝑖𝑠 ) is directly proportional to the molecular
weight of the scattering species thereby, has been extensively used to determine the molecular
weight of polymers, monoclonal antibodies and other proteins. For ideal non-interacting species
the molecular weight can be estimated at the limit of dilution, by rearranging equation 1 to obtain
the following equation:17,23,30
𝑅𝜃
𝑛 2
= ( ) 𝑀𝑤 𝑐𝑡𝑜𝑡
𝐾0
𝑛0

Equation 5

where 𝑐𝑡𝑜𝑡 is the total concentration of all the protein species in the solution, 𝑛0 and 𝑛 is the
refractive index of solvent (buffer) and solution, respectively.
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According to the concentration fluctuation theory, at arbitrary protein concentrations, the
molecular weight of proteins can be estimated using the following equation:30
𝑅𝜃
𝑛 2
𝑀𝑤
=( )
𝐾0
𝑛0 1 + 𝑐 ∂lnγ
∂c

Equation 6

where γ is the thermodynamic activity coefficient.

3.2. Characterization of Reversible Self-Association in Protein Solutions
Characterization of reversible self-association (RSA) of proteins essentially involves the
determination of the association constant, 𝐾𝑎 . There is a tremendous interest in studying protein
self-association at high protein concentration, however, the difficulty lies in the fact that most of
the currently available techniques are limited to dilute concentrations (0 – 10 mg/mL). Among
the variety of analytical techniques used to detect and characterize self-association the ones using
static light scattering analysis are discussed in the following paragraphs.
Fernández and Minton31 have used SLS to characterize self-association in chymotrypsin A
at three pH values. The scattering data showed the presence of monomer, dimer and depending
on the solution pH, either pentamer (pH 4.1 and 5.4) or hexamer (pH 5.4 and 7.2).
In the work by Esfandiary et al.,32 composition-gradient multiangle static light scattering
(CG-MALS) was used as a method for detecting and characterizing RSA in IgG type proteins.
The increasing trends in molecular weight indicated the presence of self-association which was
calculated using equation 4. This technique however, is limited to a low-throughput format to
characterize RSA at later stage rather than a screening tool in early formulation development.
In a different study by Bajaj et al.,33 protein self-association was characterized by sizeexclusion chromatography (SEC) using a flow cell capable of simultaneously measuring protein
17

concentration and scattered light intensity in a high-throughput format. The Debye scattering
equation 4 was modified to include the self-association equilibrium model including equilibrium
constant and total protein. The modified equation yielded the value for 𝐾𝑎 for the model protein
under various solution conditions. The major drawback of SEC is that the samples get diluted
and the information about concentration based RSA goes undetected.

3.3. Characterization of Protein Aggregation
The protein aggregates (reversible or irreversible) are larger in size compared to the nonaggregated native form of proteins. The size of the protein aggregates is analyzed by
constructing the plot using the following standard form of the Zimm equation18,22:
16𝜋 2 𝑅𝑔2 𝑠𝑖𝑛2 (𝜃⁄2)
𝐾𝑐
1
=(
+ 2𝐵2 𝑐) [1 +
]
𝑅𝜃
𝑀𝑤
3𝜆20

Equation 7

where 𝑅𝑔 is the square root of the mean square radius of gyration of the scattering particles
obtained by analyzing the samples at multiple angles (𝜃).
In addition to the batch-mode light scattering, size exclusion chromatography with an
inline multi-angle light scattering (SEC-MALS) detector has been used to characterize and
monitor formation of protein aggregates in solution.12,34-36 SEC-MALS is based on the separation
of species of different molecular weights using the SEC column and then measure scattering
intensities at multiple angles. Li et al.34 characterized the size and polydispersity of high
molecular weight soluble aggregates in bovine 𝛼-chymotrypsinogen A. The weight-average
molecular weight (𝑀𝑤 ) and radius of gyration (𝑅𝑔 ) of the protein species were obtained using the
Zimm equation (equation 8). Figure 2 (taken from Li et al.34) shows that the scattering intensity
contribution (solid line) by the monomers is less than the HMW aggregates although, the
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concentration of monomers is twice that of HMW species. The 𝑀𝑤 /𝑀𝑚𝑜𝑛 ratio for monomers
was essentially flat indicating presence of monodisperse monomer species. However, the
molecular weight for HMW species ranged from 1000 kDa (~40 𝑀𝑚𝑜𝑛 ) to up to 3000 kDa (~100
𝑀𝑚𝑜𝑛 ). The primary advantage of SEC-MALS compared to conventional SEC is that the former
gives absolute 𝑀𝑤 without the need for calibration (using 𝑀𝑤 standards).

3.4. Use of light scattering at lower wavelengths (UV range)
Scattering intensity is inversely proportional to the fourth power of wavelength (as given
by the Rayleigh scattering equation) and increases at lower wavelengths. The commercially used
scattering instruments have light sources ranging from 600 – 700 nm to avoid interference from
other optical phenomenon such as light absorption or fluorescence. Scattering intensity of
Rayleigh scatters with size less than λ/20 is independent of scattering angle. Therefore, the
currently available scattering instruments can be used to measure sizes of particles greater than
60 – 70 nm. Protein aggregates however, can range from 10 to a few hundred nm.
In the work by Chen et al.,37 the authors used UV light scattering spectroscopy to detect
nanoscale particles. They used the backscattered light in the UV range (250 to 390 nm) to
determine the sizes of nanoparticles. The mean size of the particles was 33, 41, 63 and 84 nm.
The study suggests that the high sensitivity and accuracy of UV light scattering may find
potential applications for studying and detecting macromolecular complexes. This technique can
therefore, be useful for providing information of protein self-association and aggregation in
solutions.
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4.

RELATIONSHIP BETWEEN STATIC LIGHT SCATTERING AND TURBIDITY
Light scattering intensities have been measured in the UV range in terms of turbidity which

is defined as the total light scattered in all the directions. It is often measured as the light
attenuated by non-absorbing species using a UV spectrometer. The mathematical relationship
between turbidity and scattering is given by the following equation:23
𝜏 = − ln(𝐼 ⁄𝐼0 ) = (16𝜋⁄3)𝑅𝜃

Equation 8

Similar to absorbance, turbidity (𝜏) is measured by direct transmission (𝐼) of light through the
sample of fixed pathlength. Therefore, it is an equivalent term for molar absorptivity but only in
the case of non-absorbing species. Turbidity measurements are often performed using a UV
spectrometer at wavelengths in the range of 350 – 600 nm.
Since turbidity depends on the loss of light due to scattering, it can be mathematically
related to the molecular weight of the scattering species by using the following equation (similar
to the Rayleigh scattering equation 4):17,22,23
𝐻𝑐
1
=
+ 2𝐵2 𝑐
𝜏
𝑀𝑤

Equation 9

where 𝐻 is a constant and related to the optical constant 𝐾 by the following equation:

16𝜋𝐾 32𝜋 3 𝑛02 𝑑𝑛 2
𝐻=
=
( )
3
3𝑁𝐴 𝜆40 𝑑𝑐

Equation 10

Change in turbidity of protein solutions is also used as a measure of protein aggregation.38,39
Mahler et al.39 studied the effect of stirring and shaking on the aggregation of an antibody with
and without polysorbate 80 using turbidity measurements (at 350 and 550 nm). Turbidity
increased on stirring the samples (without polysorbate 80) over extend period of time indicating
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the formation of protein aggregates. However, in the presence of polysorbate 80, turbidity of the
protein samples did not increase significantly even after 48 hours of stirring or shaking.

5. CORRELATION BETWEEN DILUTE SOLUTION PROPERTIES AND HIGH
CONCENTRATION BEHAVIOR
All the SLS techniques discussed so far are limited to characterizing RSA and aggregation
under low protein concentrations. The dilute solution properties are used to predict the behavior
of proteins at high concentration. In a study by Kumar et al.,21 effect of ionic strength on
aggregation propensity of a bispecific MAb was studied at low (5 mg/mL) and high (100
mg/mL) concentrations. Change in protein-protein interactions was characterized by B2 values
obtained from SLS studies under dilute conditions (0 – 10 mg/mL). 5 and 100 mg/mL protein
solutions at different ionic strength conditions were heated at 40 ⁰C for 21 days to induce
aggregation. After heating, the amount of aggregates was measured in the samples. The results
showed that for dilute 5 mg/mL samples, minimum aggregation was observed at conditions
where B2 values were more positive. However, for high concentration (100 mg/mL) samples the
aggregation propensity did not correlate well with dilute solution properties (B2 values). This and
other literature reports20,27 have indicated that the high concentration behavior of proteins can be
different than predicted using dilute solution properties. When using techniques that characterize
proteins at low concentrations, one should be cautious of extrapolating the results to higher
concentrations.

6. SUMMARY AND CONCLUDING REMARKS
One of the major challenges faced during high concentration protein formulation is the
ability to identify the solution properties that can cause protein instability (such as reversible
21

self-association and aggregation) in the early development stage. Light scattering continues to be
the most used technique for characterizing molecular interactions, reversible self-association and
aggregation in protein solutions. SLS techniques have been used either in a low-throughput batch
mode under dilute protein concentrations (0 – 10 mg/mL) or in line with SEC. The major
drawback is that on dilution the information about concentration based RSA and/or aggregation
of proteins goes undetected.
UV light scattering technique has the potential to characterize RSA and aggregation in
protein solutions. UV wavelengths for example 350 nm, can be used to characterize particles
with a size less than 17.5 nm (𝜆0 /20). This is beneficial because the scattering intensity increases
with the decrease in wavelength to the power four making it a very sensitive to changes in the
size of the proteins in solution.
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8. FIGURES

Figure 1. Static light scattering spectrometer. 1) Laser light source, 2) sample
holder and 3) detector
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Figure 2. SEC-MALS chromatogram and Mw profile for α-chymotrypsinogen A
taken from Li et al. 2009. Solid and dotted lines, respectively, represent relative light
scattering intensity (secondary y-axis, only 90⁰ scattering intensity) and relative UV
absorbance at 280 nm (secondary y-axis). Mw values (scaled by Mmon) of the two
peaks are given by symbols (primary y-axis).
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Chapter 3

Effect of Absorbance on Light Scattering and Turbidity of Protein Solutions
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1. ABSTRACT
The objective of this work is to investigate the contribution of effect of absorption on
Rayleigh light scattering and turbidity of proteins in the ultraviolet (UV) region. UV region has
contributions from both chromophoric absorption (𝐼𝐴 ) and scattering (𝐼𝑠 ) of light. Molecules that
absorb (tyrosine), scatter (starch), and absorb and scatter simultaneously (tyrosine-starch
mixtures, proteins) were used. Based on the absorption scans of tyrosine and proteins the
wavelengths studied are divided into absorbing (260 – 310 nm) and non-absorbing (310 – 350
nm) region. Scattering intensities for pure tyrosine were negligible compared to pure starch at
all the wavelengths. For tyrosine-starch mixtures, the 90⁰ scattering intensities of starch samples
decreased in the tyrosine absorbing region, however, remained unchanged in the non-absorbing
region. The 90⁰ scattering intensity of proteins in non-absorbing regions increased as a function
of protein concentration. Whereas, at 280 nm (absorption maximum) 90⁰ scattering intensity
was affected by concentration, molecular weight and molar absorptivity of the proteins.
Turbidity of starch in tyrosine-starch mixtures did not depend on tyrosine concentration. These
findings suggest that the decrease in scattering intensity observed at 280 nm for starch-tyrosine
mixtures, BSA and protein X is because of the reabsorption of scattered light by absorbing
chromophores.
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2. KEYWORDS: UV light scattering, Rayleigh light scattering, protein absorption, turbidity

CHEMICAL COMPOUNDS STUDIES IN THIS ARTICLE
L-tyrosine (PubChem CID: 6057); Hydroxyethyl starch (PubChem CID: 16213095); Bovine
serum albumin

ABBREVIATIONS
OD, Optical density;
LS, light scattering;
HES, hydroxyethyl starch;
BSA, bovine serum albumin;
GDH, glutamate dehydrogenase;
MAbs, monoclonal antibodies
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3. INTRODUCTION
Static light scattering (SLS) has been used as a method to characterize molecular weight,
nonideality (second virial coefficient, B22) and size of macromolecules under dilute solution
conditions.1-6 It is a rapid and non-destructive technique that requires small sample volume (< 60
uL) for analysis. The commercially available scattering instruments have laser light sources
ranging from 560 – 650 nm wavelength range. Rayleigh scattering has an inverse fourth power
dependence on wavelength, i.e. higher scattering intensity at shorter wavelengths.7,8 Therefore,
the range and sensitivity of this technique can be extended by using shorter wavelengths in the
ultraviolet range.
In the UV range proteins absorb with an absorption maximum around 278-280 nm (known
as 𝜆𝑚𝑎𝑥 ). The absorption for proteins in the UV region is due to the contributions from four
chromophoric groups: side chains of tryptophan (Trp), tyrosine (Tyr), phenylalanine (Phe) and
disulfide bonds (cystines).9-12 The absorbance is used to calculate the sample concentration by
applying the Beer-Lambert law: A = ԑcl, where A is the absorbance, ԑ is the molar absorptivity
(1/M.cm), c is the concentration (M) and l is the pathlength (cm).10,13 Accordingly, absorbance
varies linearly with pathlength and concentration of the absorbing molecule. The Beer-Lambert
law assumes that when the light passes through a continuous sample of non-interacting
molecules, a fraction of the light is absorbed and the remaining light is transmitted. For large
molecules (proteins, DNA, viruses etc.), the spectrometer records the extinction of light due to
both absorption and scattering, resulting in a deviation from the Beer-Lambert law.14 When the
light reaching the detector is attenuated due to absorption by protein chromophores and light
scattering, the logarithmic ratio of incident (𝐼0 ) to transmitted intensity (𝐼𝑇 ) is referred to as
optical density (OD = log(𝐼0 ⁄𝐼𝑇 )). Absorption is the light attenuation because of the presence of
34

chromophores only. Turbidity (𝜏) is the ratio of total light scattered in all directions to the
incident light intensity. The mathematical relationships are discussed later in this chapter.
The effect of scattering contribution to the absorption spectra of proteins has been studied
extensively to determine concentration, molar absorptivity and evaluate structural changes in
proteins. However, there are no reports on the effect of UV absorbance on light scattering in
protein solutions. The focus of this work is to investigate the effect of absorbing species on
Rayleigh light scattering and turbidity of tyrosine, starch and proteins. The work is further
extended to evaluate the effect of concentration, absorption coefficient and molecular weight of
the protein on the scattering intensity.

4. EXPERIMENTAL SECTION
4.1. Materials
All chemicals and buffer reagents used were of highest purity and were purchased from
commercial sources. Bovine serum albumin (BSA), hydroxyethyl starch (HES) and L-tyrosine
(Tyr) were obtained from Sigma-Aldrich (St. Louis, Missouri) and were used without further
purification. The molecular weight used for BSA and Tyr are ~67 kDa and 181.19 Da
respectively. Protein X, a monoclonal antibody of molecular weight 149 kDa was also used. The
buffer reagents obtained from Fisher Scientific (Fair Lawn, NJ, USA) were glacial acetic acidsodium acetate for pH 5 and monobasic-dibasic sodium phosphate for pH 7.0.
4.2. Methods
4.2.1. Sample Preparation
Tyrosine (~0.33 mg/mL) and HES (1% w/v) stocks were prepared by weighing the
required amount in a volumetric flask and triple distilled water was added (q.s.) to make up the
35

volume. Tyrosine stock was filtered using 0.22 𝜇m syringe filter to remove foreign particles.
Samples of 0.02, 0.04 and 0.08 mg/mL tyrosine concentration were made by volumetric dilution
of the stock. The pH of tyrosine samples was noted to be around 5.8. HES samples of 0.02,
0.04, 0.06, 0.08, and 0.10 % w/v were also made by volumetric dilution of the stock.
The buffers were prepared at the required ionic strength by dissolving the desired buffer salts in
triple distilled water. The buffer pHs (if needed) were adjusted using 1 N HCl or NaOH and
filtered using a 0.1 μm filter (Milipore, MA, USA). BSA stock solution was prepared by weight,
by dissolving the required amount in pH 5 acetate buffer. BSA samples of 0.1, 0.2, 0.5, 1 and 2
mg/mL were made by serial dilution of the stock. Protein X stocks were prepared by multiple
buffer exchange cycles in the desired buffer. Allegra X-15R centrifuge (Beckman Coulter,
Indianapolis, IN) and Amicon Ultra centrifugation dialysis tubes (Millipore, Billerica, MA),
with 10 kDa MWCO were used for buffer exchange. Four to six buffer exchange cycles were
performed at 3000 rcf and 10 °C. At the end of dialysis, the pH of the protein stock was checked
to ensure it was within ± 0.05 of the target value and concentrations were measured using Solo
VPE (C Technologies Inc., Bridgewater, NJ) and performing buffer corrections. Protein A
samples of 0.2, 0.4 and 1 mg/mL were prepared by serial dilution of the stock
4.2.2. Light Scattering (LS) Studies
Light scattering measurements were done using Perkin Elmer Luminescence
Spectrofluorometer, Model LS50. LS 50 has a xenon flash lamp as a light source with a
wavelength range of 200 – 1100 nm. LS intensity was measured at a 90° angle to the incident
light source with excitation and emission monochromators both set to the same wavelength. A
four window, 500-650 𝜇L sample volume quartz cuvette was used for all the measurements.
Since the intensity of xenon flash lamp source in this spectrometer shows a wavelength
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dependence, light scattering intensities were plotted as sample to solvent ratios. For tyrosinestarch mixtures, wavelengths of incident light used were 260 – 290 (at an interval of 5 nm) and
290 – 360 (at an interval of 10 nm). For BSA, scattering intensities were measured from 260 –
360 nm (at an interval of 1 nm). These wavelengths were chosen because in 320-360 nm region
optical density is measured and extrapolated to calculate LS contribution at 280 nm (wavelength
of absorption maxima for proteins).
4.2.3. UV-Vis Absorption Studies
UV- Vis absorption and % transmittance scans were performed at a scan rate of 60
nm/min using Cary 50-Bio UV-Vis spectrophotometer (Varian Inc., CA, USA). Path length of 1
cm was used. Absorption scans for all the samples were taken to determine their optical density
contribution in the region of 260 – 350 nm. Divided rectangular cuvette from Starna Cells
(Atascadero, CA) was used for studying effect of absorption on turbidity of tyrosine-starch
mixtures. The absorption coefficients used for tyrosine, BSA and Protein X are 8.17,15 0.6616
and 1.5 ml/mg*cm, respectively.

5. RESULTS
5.1. Effect of Absorption on 90⁰ Scattering Intensity
5.1.1. Light Scattering studies for individual tyrosine and starch solutions
Figure 1 shows the changes in scattering intensity ratios (tyrosine to water) as a function
of tyrosine concentration at 270 and 350 nm. Tyrosine solutions showed negligible change in
the scattering intensity ratios at 350 nm. However, at 270 nm (i.e. the absorbing wavelength of
chromophore) the scattering intensity decreased with an increase in the tyrosine concentration.
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Figure 2 shows the changes in light scattering intensity ratios (starch to buffer) as a
function of starch concentration at different wavelengths (280, 320 and 350 nm). The scattering
intensity for starch solutions increased non-linearly with an increase in starch concentration at
each wavelength studied. The scattering intensity ratios were higher at 280 nm compared to 320
and 350 nm at each starch concentration. For example, the scattering intensity ratio was 23.7 at
280 nm, 16.4 at 320 nm and 15 at 350 nm. The difference in scattering intensity ratios measured
at 320 and 350 nm was significant only at concentrations of 0.08 and 0.1% w/v starch.
5.1.2. Light Scattering studies for tyrosine-starch mixtures
Figure 3 shows the change in light scattering intensity ratios (starch-tyrosine mixtures to
starch) and absorbance (of tyrosine samples) as a function of wavelength of incident light
measured in the range of 260 – 360 nm. The light scattering intensities were measured for 0.1%
w/v starch samples before and after addition of 0.04 (blue triangles), 0.08 (red triangles) and 0.12
(black triangles) mg/mL tyrosine. Based on the absorptions spectra of tyrosine (shown by blue
solid line, red dash line and black dash-dot line) the wavelength range is divided into absorbing
and non-absorbing region. In the non-absorbing region of 300 – 360 nm, the light scattering
intensity ratios were close to 1 and the absorption of tyrosine samples was negligible. However,
in the absorbing region of 260-290 nm wavelength range, the absorption intensity of tyrosine
samples increased with an increase in tyrosine concentration. The peak for absorption maximum
was measured at 275 nm. In the non-absorbing region, the scattering intensity ratios for tyrosinestarch mixtures decreased to a value of less than 1. At each wavelength, the scattering intensity
for tyrosine-starch mixture decreased with increase in tyrosine concentration. For examples, at
275 nm the scattering intensity ratios for mixture containing 0.04 mg/mL tyrosine was 0.49, 0.08
mg/mL tyrosine was 0.23, and 0.12 mg/mL tyrosine was 0.12. The scatter intensity ratio plots as
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a function of wavelength followed an inverted trend compared to their corresponding tyrosine
absorption spectra.
5.1.3. Light Scattering Studies for BSA (~67 KDa, absorption maxima around 280 nm)
Figure 4 shows (A) optical density and (B) light scattering intensity ratios (of sample to
buffer) and percent transmittance (of samples) as a function of wavelength for 0.1, 0.2, 0.5, 1.0
and 2.0 mg/mL BSA samples prepared in pH 5 acetate buffer. Based on the absorptions spectra
of BSA the wavelength range is divided into absorbing (260 – 310 nm) and non-absorbing region
(310 – 350 nm). As shown in figure 4A at non-absorbing wavelengths the OD contribution was
negligible for 0.1, 0.2 and 0.5 mg/mL as compared to that of 1.0 and 2.0 mg/mL BSA. In the
absorbing region, the OD for BSA increased with increase in BSA concentration and absorption
maximum was seen around 280 nm. As shown in figure 4B at non-absorbing wavelengths the
scattering intensity ratio followed the concentration trends, showing an increase in LS intensity
with an increase in BSA concentration. The percent transmittance in this region followed the
inverse concentration trend and a decrease in percent transmittance was observed with an
increase in BSA concentration. The increasing order of LS intensity based on concentration was
as follows: 0.1 < 0.2 < 0.5 < 1.0 < 2.0 mg/mL BSA. However, at the absorbing wavelengths the
scattering intensities did not show an increase with increase in BSA concentration. The trend for
scattering intensity ratio was opposite at 280 nm in comparison to 350 nm. For example, the LS
intensity ratio was lowest at 280 nm (absorption maxima) whereas, it was highest at 350 nm for
2.0 mg/mL BSA compared to other concentrations. The increasing order of LS intensity based on
concentration at 280 nm was as follows: 2.0< 0.1 < 0.2 < 0.5 = 1.0 mg/mL BSA.
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5.1.4. Light Scattering Studies for Protein X (~149 kDa, absorption maxima around 280 nm)
Figure 5 shows the change in scattering intensity ratio (protein to buffer) and percent
transmittance (of protein X samples) as a function of wavelength for 0.2, 0.4 and 1 mg/mL
protein X concentrations. In the non-absorbing region for protein X (i.e. 320 – 350 nm) the
scattering intensity increased with an increase in the protein concentration. At each wavelength
in this range the scattering intensity was highest for 1 mg/mL protein X followed by 0.4 and 0.2
mg/mL. However, the region where protein X had significant absorption (i.e. 260 – 310 nm), the
scattering intensity ratio did not follow a concentration trend. At 280 nm (wavelength of
absorption maximum) the light scattering intensity ratio was lowest for 1 mg/mL protein X.

5.2. Effect of Absorption on Turbidity and Optical Density
The effect of absorption on turbidity and optical density was studies using a divided
rectangular cuvette shown in figure 6. The starch and tyrosine samples were pipetted in cell 1
and 2, respectively. Absorption scan 1 was obtained by aligning the cuvette such that cell 1
faced the light source and cell 2 faced the detector. In this alignment the light was first passed
through a scattering (starch) medium followed by an absorbing (tyrosine) medium. Absorption
scan 2 was obtained by rotating the cuvette by 180 degree such that the light first passes through
the absorbing tyrosine medium followed by scattering starch solution. Figure 7 shows the
absorption spectra collected for 0.2% starch in cell 1 and 0.20 mg/mL tyrosine in cell 2. The
absorption scan 1 and scan 2 did not have any major differences. The same observation was
noted for all other samples as well. Thereby, for visual simplicity only one representative scan
for each sample is shown in figure 8. Figure 8 shows the absorption spectra for starch, tyrosine
and starch-tyrosine mixtures obtained using the divided rectangular cuvette (shown in figure 6).
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A fixed 0.2% w/v concentration of starch with 0.12, 0.20 and 0.25 mg/mL tyrosine were
studied. The solid lines are absorption spectra for pure tyrosine in cell 1 and water in cell 2.
Dash-dot-dot line represents spectra obtained by placing 0.2% w/v starch and water in cell 1 and
2, respectively. The dashed line represents starch-tyrosine mixture in cell 1 and water in cell 2.
The dotted lines represent the absorption spectra obtained by placing tyrosine and starch in cell
1 and 2, respectively. In 240 – 300 nm range (absorbing wavelengths) tyrosine absorbs
significantly giving an absorption maximum around 275 nm. The maximum absorption intensity
increased with increase in tyrosine concentrations. In the presence of 0.2% w/v starch, the
maximum absorption intensity was higher at each tyrosine concentration. However, the
absorption spectra did not show a significant difference for scans of tyrosine starch mixtures in
cell 1 compared to when tyrosine and starch were each in different cells.

6. DISCUSSION
For the purposes of this study, molecules were selected based on their interactions with
light: molecules that only absorb light (Tyr), only scatter light (starch), and simultaneously
absorb and scatter light (tyrosine-starch mixtures, high molecular weight peptides, proteins,
MAbs).
For molecules only undergoing absorption, the sample absorbance (𝐴) is a logarithmic
ratio of incident (𝐼0 ) to transmitted (𝐼) intensity and is directly proportional to the absorption
coefficient (𝑎𝑎𝑏𝑠 , mL/(mg*cm)), concentration (𝑐, mg/mL) and path length (𝑙, cm), given by the
Beer Lambert law:13
𝐼
𝐴 = log ( 0⁄𝐼 ) = 𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 1

For any given molecule 𝑎𝑎𝑏𝑠 is an intrinsic property and is independent of the concentration.
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For non-absorbing molecules that only scatter light, the scattering intensity (𝑖𝑠 ) per unit volume is
given by following equation:7,8
𝑖𝑠 = 𝐾(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 𝑤𝑀/𝑟 2

Equation 2

where 𝜃 is the scattering angle, 𝐼0 is the initial intensity of unpolarized light source, 𝑟 is the
distance between scattering molecule and detector, 𝑤 and 𝑀 are concentration (g/mL) and
molecular weight of the scattering molecule, respectively and
2𝜋 2 𝑛02 𝑑𝑛 2
𝐾=
( )
𝑁𝐴 𝜆40 𝑑𝑐
The optical constant 𝐾 depends on the solution refractive index (𝑛0 ), Avogadro’s number (𝑁𝐴 ),
wavelength of incident light (𝜆0 ) and change in refractive index of the scattering molecule
(𝑑𝑛⁄𝑑𝑐 ). Turbidity (𝜏) is the total light scattered in all the directions and is obtained by
integrating the scattering intensity over the volume of sphere as shown by the following
equation:7,20
𝜋

𝜏 = 2𝜋𝑅𝜃 𝐼0 ∫𝜃=0(1 + 𝑐𝑜𝑠 2 𝜃) sin 𝜃 𝑑𝜃 =

16 𝜋
3

𝑅𝜃

Equation 3

where Rayleigh ratio, 𝑅𝜃 = 𝑟 2 𝑖𝑠 /(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 . This equation is valid only under dilute
solution conditions for solutes that behave as hard spheres with radius < 𝜆0 /20. The scattering
intensity, 𝑖𝑠 was measured using spectrofluorometer at a fixed angle i.e. 90⁰ for this study.
Turbidity, however, is the intensity of light attenuated due to scattering in all directions and was
measured at 180⁰ angle using a UV spectrometer.
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6.1. 90⁰ Light Scattering Studies for tyrosine, starch and tyrosine-starch mixtures
Figure 1 shows scattering intensity for pure tyrosine samples as a function of
concentration. At 350 nm (non-absorbing wavelength), tyrosine scattering intensity does not
change significantly with an increase in concentration because of its small size compared to the
incident light. At 270 nm (absorbing wavelength), however, a decrease in scattering intensity
was observed as a function of tyrosine concentration. Figure 2 shows a non-linear increase in
scattering intensity of starch that has a molecular weight >200 kDa. The non-linearity was
attributed to an increase in starch-starch interactions as a function of starch concentration. The
increase in scattering intensity ratio of starch to buffer was higher at a shorter wavelength of
incident light. The scattering intensity increase was proportional to 𝜆−4 as given by the Rayleigh
scattering equation.
In order to understand absorption and scattering contributions from protein molecules,
tyrosine-starch mixtures were studied as model systems mimicking proteins. To interpret a
relative change in light scattering intensity of starch after the addition of tyrosine, ratios of
scattering intensities were plotted as a function of wavelength:
𝑖𝑠 2
𝑖𝑠 1

(𝜆, 𝑛𝑚) =

𝐿𝑆 (0.1% 𝑠𝑡𝑎𝑟𝑐ℎ + 𝑥 𝑚𝑔⁄𝑚𝐿 𝑇𝑦𝑟)
𝐿𝑆 (0.1% 𝑠𝑡𝑎𝑟𝑐ℎ)

Equation 4

where the subscript 1 and 2 represent light scattering (𝐿𝑆) intensity of starch before and after the
addition of tyrosine to the sample, respectively.
Figure 3 represents the change in scattering intensity for tyrosine-starch mixtures (due to
change in absorption) as a function of wavelength of incident light. Unlike tyrosine that only
absorbs light and starch that only scatters; tyrosine-starch mixtures undergo both phenomena.
Therefore, the scattering intensity ratio (𝑖𝑠2 ⁄𝑖𝑠1 ) should be 1 when absorbing species (i.e.
tyrosine) has negligible effect on scattering intensity of starch. A significant deviation from the
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value of 1, points to the effect of absorption on scattering intensity. In the tyrosine nonabsorbing region (i.e. 𝜆 > 290 nm), the LS intensities ratios for the tyrosine-starch mixtures to
starch were close to 1 at all the wavelengths of incident light (shown as blue, red and black
triangles). This implied that in this wavelength region, the scattering intensity of 0.1% w/v
starch was not affected by addition of different concentrations of tyrosine. However, in 260-290
nm wavelength range, the tyrosine side chain absorbs strongly giving an absorption maximum
around 275 nm. In this region, the absorption intensity of tyrosine samples increased with an
increase in tyrosine concentration (solid blue, dashed red and dash-dot black lines). On the other
hand, the scattering intensity (𝑖𝑠2 ⁄𝑖𝑠1 ) ratios for tyrosine-starch mixtures decreased in the
tyrosine absorption region. The decrease in scattering intensity was proportional to the increase
in absorption due to tyrosine. This decrease in scattering intensity of starch shows that when
absorption takes place the scattering intensity decreases and depends on the concentration of the
absorbing chromophore in the solution. This could be due to one of the two reasons. First, a
fraction of light is absorbed and thereby decreases the incident light available for scattering
which in turn decreased the scattering intensity. Second, the scattered light is getting reabsorbed
(often referred to as secondary absorption) thereby, unable to reach the detector.

6.2. 90⁰ Light Scattering Studies for BSA and Protein X
Protein molecules absorb light (due to the presence of chromophores) and scatter light (due
to its large size and molecular weight) in the UV range. In the case of tyrosine-starch mixtures
the light absorption and scattering contributions were independently varied by changing the
concentration of one of the species. Whereas, a change in the concentration of BSA and protein
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X simultaneously affects both the light absorption and scattering, making the analysis more
complex than physical mixtures of tyrosine and starch.
Figure 4 shows the absorption spectra, scattering intensity ratio (sample/buffer) and percent
transmittance scans for 0.1, 0.2, 0.5, 1.0 and 2.0 mg/mL BSA samples. Based on the absorption
scans, 260 – 320 nm and 320 – 350 nm are referred to as the absorbing and non-absorbing range,
respectively. To understand change in scattering intensity for BSA samples in the presence and
absence of absorption, two wavelengths 280 and 350 nm were used for data analysis. 280 nm is
the wavelength of maximum absorption and the absorption coefficient is known, and 350 nm is a
representation for scattering in the absence of absorption. At 280 nm absorption increased
linearly (figure 9A) and percent transmittance (figure 9B) decreased exponentially as a function
of BSA concentration. Scattering intensity (figure 9B) however, increased with BSA
concentration and then decreased giving a maximum scatter intensity for 1 mg/mL BSA.
The scattering intensities at 280 nm were compared for BSA and protein X as a function of
protein concentration as shown in figure 10. For BSA, maximum scatter intensity was observed
around 1 mg/mL. Whereas, for protein X the maximum was observed at 0.4 mg/mL. At
concentrations less than 0.4 mg/mL protein X scattering intensities were greater than BSA
because of higher molecular weight of protein X (149 kDa) compared to BSA (67 kDa). At
concentrations higher than 0.4 mg/mL the scattering intensity for BSA is greater than protein A
because of higher absorption coefficient for protein X (1.5 mL/mg.cm) compared to BSA (0.67
mL/mg.cm).
The results show that the scattering intensity of proteins at 280 nm is a function of
concentration, molecular weight and molar absorptivity. The position and height of the
maximum scattering intensity depends upon the molecular weight and absorption coefficient of
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proteins. At 350 nm, however, the scattering intensity only depends upon concentration and
molecular weight of proteins.

6.3. Effect of Absorption on Turbidity and Optical Density
The effect of absorption on turbidity (i.e. total light scattered in all directions) was
investigated using divided rectangular cell (shown in figure 6). Figure 7 shows the absorption
scans obtained for starch and tyrosine. Absorption scan 1 was obtained by passing light through
0.2% w/v starch followed by 0.2 mg/mL tyrosine and then reaching the detector. Absorption
scan 2 was obtained by moving the cuvette by 180⁰ angle. Absorption scan 1 and 2 showed
negligible differences in the shape or position of the absorption peak. The results show that
turbidity of starch was not affected by the absorption due to tyrosine. Figure 8 compares the
absorbance spectra of pure tyrosine, 0.2% w/v starch, starch-tyrosine mixtures, and starchtyrosine in different cells. For pure tyrosine, at each concentration the absorption intensity was
less than that in the presence of starch. However, the absorption spectra of starch-tyrosine
mixtures, and starch-tyrosine in different cells overlapped with negligible differences. This
means that the total light scattered (turbidity) does not decrease due to absorbing species unlike,
the scattering intensity of starch measured at 90⁰ angle that decreased in the presence of
tyrosine. These results imply that the decrease in scattering intensity observed at 280 nm for
starch-tyrosine mixtures, BSA and protein X is because of the reabsorption of scattered light by
absorbing chromophores. The mathematical relationship between scattering intensity and
secondary absorption is discussed in detail in section 4.4.
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6.4. Relationship between 90⁰ light scattering and secondary absorption
The results from section 6.3 indicate that decrease in scattering intensity at 280 nm is
because of reabsorption of the scattered light by protein chromophores. Similar to primary
absorption, secondary absorption is also a function of absorption coefficient and concentration of
proteins.
Transmitted light intensity (𝐼) is a function of absorption coefficient (𝑎𝑎𝑏𝑠 ), protein
concentration (𝑐) and pathlength (𝑙) as given by equation (obtained by rearranging equation 1):
𝐼 = 𝐼0 ∗ 10−𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 5

Since scattering intensity measured at a fixed angle (i.e. 90⁰ for this study), is the fraction of
scattered light that is not reabsorbed, it can be compared to transmitted light and is a function of
absorption coefficient and concentration of proteins given by the following equation:
𝑖𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) = 𝑖𝑠 ∗ 10−𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 6

where 𝑖𝑠 and 𝑖𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) are scattering intensity of proteins before and after reabsorption,
respectively. From equation 2 and 6, the intensity of scattered light measured at 280 nm is given
by the following equation:
𝑖𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) = 𝐾(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 𝑐𝑀 ∗ 10−𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 7

The scattering intensity recorded by the 90⁰ detector, therefore, is a function of molecular
weight and absorption coefficient of proteins.

47

7. SUMMARY AND CONCLUSIONS
In the case of macromolecules like proteins and antibodies, UV light absorption and
scattering take place simultaneously. As absorption increases, 90⁰ Rayleigh scattering intensity
decreases but turbidity does not change. Therefore, scattering intensity decreases in the presence
of absorption due to reabsorption of the scattered light by the protein chromophores.
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9. FIGURES

Figure 1. Light scattering intensity ratio (tyrosine/water) as a function of tyrosine
concentration measured at different wavelengths of incident light: 270 (red diamonds) and
350 nm (black triangles). The lines connecting the symbols are to guide the eye and are not
data points
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Figure 2. Light scattering intensity ratio of starch samples to water as a function of
starch concentration at different wavelengths of incident light; 280 nm (red circles),
320 nm (black triangles) and 350 nm (blue squares). The lines connecting the data
points are only to guide the eye and are not a result of fitting a model to the data.
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Figure 3. Light scattering intensity ratio (primary y-axis) and absorbance (secondary yaxis) as a function of wavelength of incident light. LS data is shown with symbols
connected with lines and absorbance data is represented with only lines. The tyrosinestarch mixtures have 0.04 (solid blue line), 0.08 (dashed red line) and 0.12 mg/mL (dot
dashed black line) of tyrosine and a fixed starch concentration of 0.1% w/v. Lines joining
the symbols of LS data are to guide the eye and are not data points
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Figure 4. A. Optical density measurements and B. light scattering intensity ratios of
sample to buffer (primary y-axis) and percent transmittance of BSA samples
(secondary y-axis) as a function of wavelength of incident light.
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Figure 5. Light scattering intensity ratios of sample to buffer (primary y-axis) and
percent transmittance of samples (secondary y-axis) as a function of wavelength of
incident light for 0.2, 0.4 and 1 mg/mL protein A samples.
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Figure 6. Divided rectangular cuvette purchased from Starna Cells (55-Q-10). It
is a dual chamber cuvette, separated by a thin wall made of quartz. The optical
pathlength of the cuvette is 10 mm.
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Figure 7. UV scans obtained using the divided rectangular cell. Absorption scan
1 was obtained by aligning the cuvette such that cell 1 faced the light source and
cell 2 faced the detector. In this alignment the light was first passed through a
scattering (0.2% w/v starch) medium followed by an absorbing (0.2 mg/mL
tyrosine) medium. Absorption scan 2 was obtained by rotating the cuvette by
180 degree such that the light first passes through the absorbing tyrosine medium
followed by scattering starch solution.
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Figure 8. Absorption spectra for tyrosine, starch and starch-tyrosine mixtures. Solid
line represents pure tyrosine, dash-dot-dot line represents 0.2 % w/v starch, dash line
represents the tyrosine starch mixtures, and dotted line represents tyrosine (cell 1) and
0.2% w/v starch (cell 2) all measured using the divided rectangular cell.
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A.

B.

Figure 9. Shows A) absorption intensity and B) scattering intensity and percent
transmittance measured at 280 nm as a function of BSA concentration. Absorbance
and percent transmittance at 280 nm were measured using a UV spectrometer.
Scattering intensities at 280 nm were measured using 90⁰ fluorescence spectrometer.
Lines joining the data points are to guide the eye and are not a result of fitting a
model to the data.
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Figure 10. Comparison of scattering intensity at 280 nm for BSA (open triangles) and
protein X (solid triangles) as a function of protein concentration. Lines joining the data
points are to guide the eye and are not a result of fitting a model to the data.
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Chapter 4

UV Light Scattering as a High-Throughput Technique for Detecting Reversible SelfAssociation in Protein solutions
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1. ABSTRACT

Reversible self-association in proteins is a concern in pharmaceutical development
because of its contribution to product viscosity, irreversible aggregation upon storage and
reduced bioavailability. Analytical ultracentrifugation (AUC) is the most commonly used
technique for characterizing protein self-association. Although, AUC provides a quantitative
analysis of self-association, it is seldom used in early product development. The objective of
this work is to investigate the application of ultraviolet light scattering as a high-throughput
technique to detect self-association in protein formulations. β-lactoglobulin A and glutamate
dehydrogenase were used as model protein systems for the studies. Rayleigh light scattering
intensities at 280 and 350 nm were measured using a fluorescence spectrometer at 90⁰ scattering
angle. The studies demonstrates that UV light scattering can be used as a rapid, high-throughput
technique for detecting self-association in proteins at an early development.

KEYWORDS: protein self-association, UV light scattering, Rayleigh scattering, protein
absorption, high-throughput screening
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2. INTRODUCTION
Monoclonal antibodies (MAb) and their derivatives have emerged as one the most
promising class of biological therapeutics in the past few decades.1,2 Reversible self-association
and aggregation are two of the major challenges associated with formulating high concentration
protein therapeutics.3,4 The term self-association is used for the reversible, non-covalently
bonded protein aggregates. Reversible aggregates can significantly increase solution viscosity
affecting manufacturing and delivery.3,5,6 Self-associated proteins can also affect bioavailability
and pharmacokinetic properties.7 Additionally, the long term storage of self-associated
molecules can generate covalent linkages resulting in formation of irreversible aggregates.8-10
Analytical ultracentrifugation (AUC) is the most commonly used technique for
quantitatively studying self-association in proteins.11 Although it is one of the most reliable
tools available for characterizing self-association, it is seldom used in early product
development because of the long experiment times, inability to perform high-throughput
analysis, higher level of operator expertize and complex data analysis. Several high pressure
liquid chromatography (HPLC) based techniques have also been used to characterize protein
self-association including self-interaction chromatography (SIC)12 and size-exclusion
chromatography (SEC).13 Although these techniques are quantitative methods to study
stoichiometry and extent of self-association, there are limitations associated with these
techniques. For example, SIC requires immobilization of proteins to the column particles. The
immobilization of proteins can lead to structural changes which can give erroneous results.14
SEC requires simultaneous measurements of concentration and scattering intensity to
characterize protein self-association.13 This method has potential for use in high-throughput
screening of lead candidates, however, a major drawback is that the sample gets diluted during
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SEC analysis. Consequently, the information about the concentration based protein selfassociation goes undetected.
A number of studies have been reported to understand the mechanism of self-association
in proteins. From the literature two model proteins were selected, β-lactoglobulin A (β-lg A)
and bovine liver glutamate dehydrogenase (GDH). β-lg A has been characterized extensively
for its self-association behavior under acidic conditions. At pH 3, i.e. two units away from the
pI (5.2)15 of β-lg A, protein molecules carry a net positive charge. Thereby, β-lg A exists
majorly as a monomer due to electrostatic repulsions between the charged residues. However,
upon addition of salt, the charges are screened and the equilibrium is shifted towards the dimer
formation. Dimerization takes place because salts screen the electrostatic charge repulsion by
anion binding to the positively charged residues and the intrinsic hydrophobic attractions form
β-lg A dimers. It is reported that in the presence of greater than 1.0 M salt at pH 3.0, β-lg A
exists majorly as a dimer.13,16 GDH on the other hand has a concentration based oligomerization
at pH 7 in the presence of 0.2 M sodium phosphate and 10-3 M EDTA.17 Change in solution pH,
ionic strength and protein concentration have been reported as causes of reversible protein selfassociation making β-lg A and GDH great model systems for our studies.5,6,10,18
The main focus of this work is to develop UV light scattering as a technique to detect selfassociation in protein solutions by using β-lg A and GDH as the model proteins. This is a rapid
technique to detect self-association in proteins under different formulation conditions. It does
not involve extensive mathematical analysis or dilution of samples thus, providing a fast method
for screening lead candidates in early product development.
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3. EXPERIMENTAL SECTION
3.1.Materials
All chemicals and buffer reagents used were of highest purity and were purchased from
commercial sources. β -lactoglobulin A and bovine liver glutamate dehydrogenase (type I
crystalline suspension in ammonium sulfate) were obtained from Sigma-Aldrich (St. Louis,
Missouri) and used without further purification. The different properties of the proteins used are
listed in table 1. The buffer reagents obtained from Fisher Scientific (Fair Lawn, NJ, USA) were
as follows: glycine-HCl for pH 2.3 and 3.0; monobasic-dibasic sodium phosphate for pH 7.0;
and 0.5 M EDTA.

3.2.Methods
3.2.1.Sample Preparation
Buffers were prepared at the required ionic strength by dissolving the desired buffer salts in
triple distilled water. The buffer pHs (if needed) were adjusted using 1 N HCl or NaOH and
filtered using a 0.1 μm filter (Milipore, MA, USA). The protein stocks were prepared by multiple
buffer exchange cycles in the desired buffer. Allegra X-15R centrifuge (Beckman Coulter,
Indianapolis, IN) and Amicon Ultra centrifugation dialysis tubes (Millipore, Billerica, MA), with
10 kDa MWCO were used for buffer exchange. Four to six buffer exchange cycles were
performed at 3000 rcf and 10 °C. At the end of dialysis, the pH of the protein stock was checked
to ensure it was within ± 0.05 of the target value. Two β-lg A stocks were prepared one at pH
2.3 using 20 mM glycine-HCl buffer (No NaCl) and the other at pH 3.0 using similar buffer with
1 M NaCl. β-lg A samples of 2, 4, 6, 8 and 10 mg/mL were made by serial dilution of stock in
pH 2.3 and 3.0 buffers. GDH stock of ~10 mg/mL was prepared in 200 mM sodium phosphate
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and 10-3 M EDTA, pH 7 buffer. GDH samples of 0.04, 0.1, 0.5, 1, 2, 3, 4, 5 and 6.2 mg/mL were
prepared. The protein stock concentrations were measured at 280 nm using variable pathlength
spectrometer, Solo VPE (C Technologies Inc., Bridgewater, NJ) and performing buffer
correction.

3.2.2. Light Scattering Studies
Light scattering intensities were measured at a 90° angle to the incident light source using
Photon Technology International (PTI) spectrofluorometer. PTI has a xenon arc lamp as a light
source with a wavelength range of 200 – 1100 nm. LS intensities were measured by setting the
excitation and emission monochromators both set to the same wavelength. These light scattering
intensity scans are also referred to as synchronous scans. A scan rate of 1 nm/sec and average of
3 scans per sample were used. The two wavelengths used for these studies were 280 and 350 nm.
A three window and 50 μL sample volume quartz cuvette was used for all the measurements at
room temperature.

4. RESULTS
4.1. NaCl dependent dimerization of β-lactoglobulin A, β-lg A (M.W. 18.36 kDa)
The scattering intensities of β-lg A samples were measured at pH 2.3 (no NaCl) and pH 3.0
(1.0 M NaCl). Figure 1A shows the change in scattering intensity at 280 nm as a function of β-lg
A concentration under both solution conditions that were tested. At each β-lg A concentration the
scattering intensity in pH 2.3 (no NaCl) buffer was less than that of pH 3.0 (1 M NaCl) buffer,
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for example, the scattering intensity of 2 mg/mL β-lg A was 19716 at pH 2.3 and 50828 at pH
3.0 (1 M NaCl) buffer.
Fig 1B represents the change in scattering intensity of β-lg A samples measured at 350 nm
as a function of protein concentration. The light scattering intensity increased linearly as a
function of β-lg A concentration in both pH 2.3 and 3.0 buffers. The scattering intensities for βlg A were higher at pH 3.0 compared to pH 2.3 at each concentration. For example, the
scattering intensity of 2 mg/mL β-lg A was 93,405 in pH 2.3 and 229,088 in pH 3.0 (1 M NaCl)
buffer.

4.2. Concentration dependent oligomerization of bovine liver glutamate dehydrogenase,
GDH (M.W. 318 kDa)
The oligomerization of bovine liver GDH was investigated in pH 7.0 buffer containing 0.2
M sodium phosphate and 1.0X10-3 M EDTA. Figure 2 shows the change in scattering intensity
as a function of GDH concentration. Figure 2A shows the scattering intensity change measured
at 280 nm where, GDH has an attenuation coefficient (formerly called extinction coefficient19) of
0.973 mL/mg.cm. The scattering intensity increased with an increase in GDH concentration until
2 mg/mL. At concentrations greater than 2 mg/mL the scattering intensity decreased as a
function of GDH concentration.
Figure 2B shows the change in the scattering intensity for GDH as a function of
concentration at 350 nm incident wavelength. The scattering intensities increased linearly with
concentration up to 1 mg/mL. A non-linear increase in scattering intensities was observed at
concentrations greater than 1 mg/mL.
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5. DISCUSSION
5.1. NaCl dependent dimerization of β-lactoglobulin A
β-lactoglobulin A (β-lg A) dimerizes in the presence of salt under acidic conditions. The
association constant for dimerization of β-lg A depends on the concentration of the salt present in
the solution.13,16 β-lg A exists primarily as a monomer in pH 2.3 glycine-HCl buffer in the
absence of additional salts. At pH 3.0 a reversible monomer-dimer equilibrium exists in the
presence of NaCl. The self-association constant for β-lg A depends on the concentration of NaCl
in the solution. β-lg A exists primarily as a dimer in the presence of 1 M NaCl at pH 3.0.13 β-lg A
has a monomer-dimer type of reversible reaction as a function of NaCl concentration around pH
3.0 given by the following reaction scheme:
𝑀+𝑀

𝐷

where M and D represent β-lg A monomer and dimer, respectively. The scattering intensities of
β-lg A samples were measured at two solution conditions. In pH 2.3 glycine HCl buffer (without
any additional salts) the equilibrium shifts to the left and β-lg A predominantly exists as a
monomer. In pH 3.0 glycine HCl buffer (presence of 1 M NaCl), the equilibrium shifts to the
right and β-lg A exists primarily as a dimer. Sodium chloride shields the charges by binding the
anion with the positively charged protein residues. This decreases the electrostatic repulsions and
promotes dimer formation due to intrinsic hydrophobic attractions.16
Figure 1A shows a decrease in scattering intensity as a function of β-lg A concentration at
at 280 nm. For an ideal system light scattering varies linearly with protein size and
concentration. However, at 280 nm, scattered intensity is also affected by the extent of
reabsorption by protein chromophores. Therefore, scattering intensity decreases as a function of
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β-lg A concentration. The intensity of scattered light measured at 280 nm is given by the
following equation (refer chapter 3):
𝑖𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) = 𝐾(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 𝑐𝑀 ∗ 10−𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 1

where 𝜃 is the scattering angle, 𝐼0 is the initial intensity of light source, 𝑙 is the optical
pathlength, 𝑐, 𝑀 and 𝑎𝑎𝑏𝑠 are concentration, molecular weight and attenuation coefficient of the
scattering molecule, respectively and
8𝜋 2 𝑛02 𝑑𝑛 2
𝐾=
( )
𝑁𝐴 𝜆20 𝑑𝑐
The optical constant 𝐾 depends on the solution refractive index (𝑛0 ), Avogadro’s number (𝑁𝐴 ),
wavelength of incident light (𝜆0 ) and change in refractive index of the scattering molecule
(𝑑𝑛⁄𝑑𝑐 ). Rearranging and taking a log of equation 1 gives:
𝑖

log 𝑐𝑠 = log{𝐾(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 𝑀} − (𝑎𝑎𝑏𝑠 𝑐𝑙)

Equation 2

The scattering due to solute is calculated by subtracting the buffer contribution. At non absorbing
wavelengths the buffer contribution is measured in the absence of the solute and subtracted from
the sample readings. However, at absorbing wavelengths the buffer scattering contribution
decreases with increase in solute (i.e. protein) concentration due to reabsorption by protein
′
chromophores. The buffer scattering contribution (𝑖𝑠,𝑐
) is a function of β-lg A concentration (𝑐)

and is given by the following equation (refer chapter 3):
′
′
𝑖𝑠,𝑐
= 𝑖𝑠,0
10−𝑎𝑎𝑏𝑠 𝑐𝑙

Equation 3
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′
where 𝑖𝑠,0
is the scattering intensity of buffer in the absence β-lg A. The buffer contribution was

calculated at each β-lg A concentration and subtracted from the sample reading to obtain
scattering due to β-lg A only, as shown in table 2.
At non absorbing wavelengths, the scattering intensity is a function of optical constant (𝐾),
scattering angle (𝜃), intensity of unpolarized light source (𝐼0 ), concentration (𝑐) and average
molecular weight (𝑀) of the scattering species given by the following equation:
𝑖𝑠 = 𝐾(1 + 𝑐𝑜𝑠 2 𝜃)𝐼0 𝑐𝑀

Equation 4

The scattering intensity at 350 nm increased as a function of β-lg A concentration as shown in
figure 1B. The increase was linear in both monomeric and dimeric β-lg A samples. At each β-lg
A concentration the increase in scattering intensity was higher at pH 3.0 (1 M NaCl) compared to
pH 2.3. This is because the scattering intensity is directly proportional to the molecular weight of
the scattering molecule and molecular weight of β-lg A in pH 3.0 is two times of that in pH 2.3.
The lines in the figure represent linear fits to the data using the following equations:
pH 2.3 glycine HCl buffer with 0 M NaCl: 𝑦 = 36456𝑥 + 14159

Equation 5

pH 3.0 glycine HCl buffer with 1 M NaCl: y = 106161x + 18404

Equation 6

The slopes of the equations obtained by linear fit provide information about the molecular weight
of β-lg A in pH 2.3 and 3.0 glycine HCl buffers. Ratio of the slopes was taken to obtain the
degree of oligomerization, (Slope2)/(Slope1) = 106161/36456 = 2.91.
The degree of oligomerization shows a deviation from 2 (value for dimerization) because
the value of 𝑑𝑛⁄𝑑𝑐 is different for pH 2.3 (0 M NaCl) and pH 3.0 (1 M NaCl) that was not
accounted, while taking the ratio of either intercepts or slopes. The value of 𝑑𝑛⁄𝑑𝑐 is unknown
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in the UV range because the current techniques used to measure 𝑑𝑛⁄𝑑𝑐 are limited to higher
wavelengths (>500 nm). However, corrections were made using the factor 𝑅, given by:
2

𝑅=

(𝑑𝑛⁄𝑑𝑐)𝑝𝐻3.0,

1𝑀 𝑁𝑎𝐶𝑙

2

(𝑑𝑛⁄𝑑𝑐)𝑝𝐻2.3,

0𝑀 𝑁𝑎𝐶𝑙

(0.145)2
=
= 0.801
(0.162)2

The correction factor 𝑅 was calculated using the 𝑑𝑛⁄𝑑𝑐 values reported in literature at 685 nm
(Bajaj 2007). The degrees of oligomerization obtained after multiplying with the correction
factor were as follows:
a) At 280 nm is 2.80 ∗ 0.801 = 2.24
b) At 350 nm is 2.91 ∗ 0.801 = 2.33
Appropriate corrections should lead to more accurate calculation of the degree of
oligomerization. Further studies need to be performed to determine the refractive index
increment used to calculate the correction factor 𝑅 for proteins in the UV range. However, these
studies demonstrate the potential of UV light scattering as a fast and efficient tool for screening
proteins under different solution conditions to prevent manufacturing and formulation challenges
due to self-association.

5.2. Concentration dependent oligomerization in bovine liver glutamate dehydrogenase
It is widely reported in literature that GDH undergoes a concentration based reversible
oligomerization in pH 7 buffer. The molecular weight of a monomer of GDH was reported to be
53.5 kDa.17,20 However, at pH 7 in the presence of 0.2 M sodium phosphate and 10-3 M EDTA,
GDH forms hexamers of the molecular weight 318 kDa calculated at infinite dilution using
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multiple angle static light scattering.17 It was also found that the molecular weight of GDH
increased infinitely with concentration up to 8 mg/mL at this solution condition.17 With an
increasing GDH concentrations the hexamers self-associate to form higher molecular weight
species given by the following reaction scheme:
6 𝑀 𝐻

𝑍

where M, H and Z represent GDH monomer, hexamer and higher order reversible aggregates,
respectively. Therefore, GDH serves as a good model protein to assess the applicability of UV
light scattering to detect concentration based self-association.
The light scattering intensity at 280 nm first increased and then decreased as a function of
GDH concentration giving a scatter maximum around 2 mg/mL as shown in figure 2A. As
mentioned in section 4.1, the scattering intensity of proteins at 280 nm is a function of the
concentration, molecular weight of the protein and the secondary absorption due to
chromophores. The scattering intensity increases with increase in concentration and molecular
weight of GDH, whereas it decreases due to a fraction reabsorbed by the chromophoric groups.
The measured scattering intensity is the sum of these two opposite effects. For GDH the scatter
intensity increased up to 2 mg/mL as a function of GDH concentration. The increase in
reabsorption at concentrations higher than 2 mg/mL decreased scattering intensity. The position
of scatter maximum depends on the molecular weight and molar absorbance of the protein.
Unlike β-lg A, the scattering intensity of GDH (plotted on a log scale) does not decrease linearly
as a function of GDH concentration (shown in figure 4). It has been reported in literature that
GDH self-associates as a function of concentration resulting in a change of molecular weight.17
The non-linear dependence of plots in figure 4 indicates the presence of self-association in GDH
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samples but, a detailed mathematical understanding is required to calculate the average
molecular weight of GDH at each concentration using this data.
At 350 nm the light scattering intensities increased with an increase in GDH concentration
as shown in figure 2B. Unlike β-lg A, the light scattering intensity increased non-linearly as a
function of GDH concentration. The increase was non-linear due to a concentration based
increase in the molecular weight of GDH in the solution. The change in scattering intensity
qualitatively correlates with the change in molecular weight of GDH as a function of
concentration. The molecular weight of GDH increased by 3 folds when concentration was
increased from 0.1 to 2 mg/mL as reported by Eisenberg et al.17 Accordingly, the light scattering
intensity measured at 350 nm increased by 36 times for the same concentration change. The
magnitude of change in scattering intensities was greater at concentrations less than 1 mg/mL. At
concentration of 2 mg/mL or greater the magnitude of scattering intensity increase was smaller.

6. SUMMARY AND CONCLUSIONS
UV light scattering intensities are sensitive to the presence of protein oligomers. The
scattering intensity at 350 nm increased as a function of protein concentration for both β-lg A
and GDH. When a single species (monomer or dimer) was majorly present, the scattering
intensity was directly proportional to protein concentration, as seen in the case of β-lg A and the
slope can be related to the molecular weight of the species. However, when more than one type
of species were present (i.e. a mix of monomer, dimer or other oligomers), a non-linear increase
in scattering intensity was observed as seen in the case of GDH. The studies demonstrates that
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UV light scattering can be used as a fast and rapid tool for detecting self-association in proteins.
It can be used to screen proteins under different solution pH and ionic strength.
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8. TABLES

Table 1. Properties of the model proteins used for the studies
Abbreviation

λ (nm), 𝜺1% (cm-1)

MW (kDa)

β-lactoglobulin A

β-lg A

280, 9.60a

18.36a

Glutamate dehydrogenase,
bovine liver

GDH

279, 9.73b

53.00b

Protein

a. Pace et al. 1995,21 b. Eisenberg et al. 1968.17
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Table 2. Correction of scattering intensity of β-lg A for buffer contribution at 280 nm.
β-lg A
Concentration

Buffer contribution

(mg/mL)

β-lg A scatter

Excess scatter =

intensity (Sample)

sample – buffer

β-lg A in pH 2.3 glycine buffer
0

92027.0

92027.0

0.0

2

24429.5

44145.3

19715.7

4

6485.1

19586.0

13100.9

6

1721.5

8152.4

6430.9

8

457.0

4262.8

3805.8

10

121.3

3380.5

3259.2

β-lg A in pH 3.0 glycine buffer + 1.0 M NaCl
0

95846.8

95846.8

0.0

2

25443.6

76271.8

50828.2

4

6754.3

36524.4

29770.1

6

1793.0

15647.7

13854.7

8

476.0

7795.7

7319.7

10

126.4

4384.4

4258.0
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9. FIGURES

A.

B.

Figure 1. Scattering intensity as a function of β-lg A concentration measured at A) 280
nm and B) 350 nm. The closed and open symbols represent respectively the scattering
intensity of β-lg A samples in pH 2.3 glycine-HCl buffer (0 M NaCl) and pH 3.0 glycineHCl buffer (1 M NaCl). The lines joining the symbols in figure 1A are to guide the eye
and are not data points. The lines joining the data points in figure 1B are obtained by
performing liner fit to the data.
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A.

B.

Figure 2. Scattering intensity as a function of GDH concentration measured at
A) 280 nm and B) 350 nm. The lines joining the data points are obtained by
performing polynomial fit to the data.
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Figure 3. Log of the ratio of scattering intensity at 280 nm and β-lg A concentration
as a function of β-lg A concentration. The closed and open symbols represent
respectively, the measurements of β-lg A samples in pH 2.3 glycine buffer (0 M
NaCl) and pH 3.0 glycine buffer (1 M NaCl). The lines joining the data points are
obtained by performing exponential fit to the data.
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Figure 4. Scattering intensity (on a log scale) as a function of GDH concentration
measured at 280 nm.
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Chapter 5

Application of Ultraviolet light scattering to detect protein aggregation in solution
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1. ABSTRACT
The objective of this work is to investigate the application of UV light scattering as a
technique to detect changes in aggregate content in a 2 – 50 mg/mL protein concentration range.
Aggregation is a major degradation pathway of protein-based therapeutics, making it an important
concern when developing formulations. Size exclusion high pressure liquid chromatography (SEHPLC) is the most commonly used technique for measuring the aggregate content in protein
solutions. The major drawback of SE-HPLC is that it requires sample dilution prior to analysis
which can result in loss of information about reversible aggregates. The proteins used in the study
were bovine serum albumin (BSA), β-lactoglobulin (β-lg) and protein X. Aggregation was
induced in the protein systems by heating the samples at elevated temperatures. Change in light
scattering intensities (at 350 nm) on heating was compared to aggregate content measured using
SE-HPLC. The studies demonstrate that UV light scattering can be used as a rapid tool for
detecting the change in concentration of aggregates and approximately estimate the molecular
weights of the higher order aggregates present in the protein solutions. The major advantage of
this technique is that the protein samples can be analyzed at the same concentrations at which
they are formulated i.e. it eliminates the need to dilute the samples before analysis providing a
more representative analysis of aggregation.
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2. KEY WORDS: protein aggregation, UV light scattering, Rayleigh scattering, high
concentration

88

3. INTRODUCTION
Aggregation is one of the major degradation pathways affecting the physical stability of
proteins.1 Aggregation can occur at different stages of the production cycle of proteins i.e.
purification, processing, formulation and storage.2 Protein aggregates can cause immunogenic
reactions, decrease potency of drug and increase solution viscosity thereby, negatively affect
manufacturing, delivery and quality of the protein formulations, making it an important concern
when developing formulations.1,3,4
Aggregation can be due to reversible or irreversible association of proteins.5,6 Reversible
aggregation (also called self-association) depends on the equilibrium between non-associated and
higher order forms of native proteins.7,8 Irreversible aggregation however, can be classified as
native or non-native association of proteins. Native-like aggregates are formed by covalent
linkages (such as disulfide bonds) between protein species in which the monomer structure
remains relatively intact. Non-native aggregates are formed when proteins unfold, exposing the
hydrophobic residues and come together to form non-covalently bonded higher order
aggregates.9,10
Size exclusion chromatography (SEC) is the most commonly used technique to quantitate
the aggregate content present in the protein solutions. The major drawback of SEC is that it
requires sample dilution and the information about reversible aggregates goes undetected.
Several literature studies report that the dilute solution properties are not true representatives of
high concentration protein behavior.11,12 Therefore, there is a need for a technique that can
measure protein aggregates in a wide range of concentrations.
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It was demonstrated in the previous work (Chapter 4) that UV light scattering is sensitive to
the changes in molecular weight of proteins under dilute conditions. The main focus of this work
is to investigate the sensitivity of UV light scattering to detect change in aggregate content in
protein solutions at a wide range of concentrations. The work is further extended to quantitate the
aggregate content and estimate the molecular weight of the higher order species generated on
heating the protein samples.

4. EXPERIMENTAL SECTION
4.1. Materials
All chemicals and buffer reagents used were of highest purity and were purchased from
commercial sources. Β-lactoglobulin (mixture of A & B) and bovine serum albumin (BSA) were
obtained from Sigma-Aldrich (St. Louis, Missouri). Protein X, a monoclonal antibody of
molecular weight 149 kDa was used. The different properties of the proteins used are listed in
table 1. The buffer reagents obtained from Fisher Scientific (Fair Lawn, NJ, USA) were as
follows: monobasic-dibasic sodium phosphate for pH 7.0.

4.2.Methods
4.2.1. Sample Preparation
Buffers were prepared at the required ionic strength by dissolving the desired buffer salts in
triple distilled water. The buffer pHs (if needed) were adjusted using 1 N HCl or NaOH and
filtered using a 0.1 μm filter (Milipore, MA, USA). The protein stocks were prepared by multiple
buffer exchange cycles in the desired buffer. β-lg stock was prepared in pH 7, 15 mM sodium
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phosphate buffer and samples of 20 and 50 mg/mL were prepared by serial dilution. BSA stock
solution of ~200 mg/mL was prepared by dissolving the required amount in pH 7, 15 mM
phosphate buffer and samples of 2, 5, 20 and 50 mg/mL were prepared. Similarly, protein X stock
was prepared in pH 7, 15 mM sodium phosphate buffer and diluted to 2, 5, 20 and 50 mg/mL. The
protein stock concentrations were measured at 280 nm using variable pathlength spectrometer,
Solo VPE (C Technologies Inc., NJ) and performing buffer correction.
4.2.2. Light Scattering Studies
Light scattering intensities were measured at a 90° angle using Photon Technology
International (PTI) spectrofluorometer. The measurements were performed by setting the
excitation and emission monochromators both set to the same wavelength. The studies were done
at the wavelength of 350 nm. A three window and 50 μL sample volume quartz cuvette was used
for all the measurements at room temperature.
4.2.3. Selection of heating temperature for proteins
The thermal unfolding profiles of the proteins were used to select the heating temperatures
for accelerating aggregation. Literature reported Thermal unfolding profiles were used for BSA
and β-lg samples.13,14 BSA samples of 2, 5, 20 and 50 mg/mL were heated at 58 ⁰C. β-lg samples
of 20 and 50 mg/mL were heated at 65 ⁰C. Thermal unfolding scan was obtained using differential
scanning calorimetry (DSC) to determine the heating temperature for protein X (discussed in
section 4.3.1.).
4.2.4. Differential Scanning Calorimetry (DSC)
A nano-DSC (TA Instruments, New Castle, DE) was used to determine onset temperature of
unfolding Protein X in 15 mM phosphate buffer at pH 7. The reading for blank solutions was
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measured with buffer in both the sample and reference cell before the measurement of the actual
samples. 1 mg/ml of BSA and Protein X were analyzed at a scan rate of 1°C/min from 25°C–
95°C. The scans were baseline subtracted and analyzed using the NanoAnalyze software (TA
Instruments).
4.2.5. Heating of protein solutions
BSA, β-lg and Protein X samples were heated respectively at 58, 65 and 63 ⁰C by using the
Isotemp incubator (Fisher Scientific). All the samples were filtered using a 0.22 μm syringe filter
before heating. The heating temperatures were selected based on the thermal unfolding profiles of
the respective proteins obtained using nano-DSC (TA Instruments, New Castle, DE), whereas,
sampling time points were selected depending upon protein concentrations. The aggregates were
measured at time points: 0, 1 and 3 hours for all concentrations of BSA; 0, 3, 5 and 6 hours for 20
mg/mL β-lg; 0, 1, 2 and 3 hours for 50 mg/mL β-lg; 0, 5, 7 and 12 hours for 2 and 5 mg/mL
protein X; 0, 1, 2 and 3 hours for 20 and 50 mg/mL protein X.
4.2.6. Size-exclusion high performance liquid chromatography (SE-HPLC)
Soluble monomer and aggregate content was analyzed using SE-HPLC with an inline UV
detector set at a wavelength of 280 nm. 100 mM sodium phosphate buffer (pH 7.0) at a total ionic
strength of 200 mM (ionic strength adjusted with NaCl) was used as the mobile phase. A 300 x
7.8 mm TSK G3000 SW XL gel filtration column (Tosoh Biosciences, LLC) was used at an
isocratic flow rate of 1 ml/min with an injection volume of 40 mL. All the samples were diluted to
2 mg/mL protein concentration in phosphate buffer (pH 7.0 and ionic strength 15 mM) and
filtered using 0.22 μm syringe filter prior to injection. Peak Simple 3.88 (SRI Instruments,
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Torrance, CA) software was used to analyze the area under the peak for the chromatograms. The
chromatograms collected for samples before heating were labeled as T=0.

5. RESULTS
5.1. Heat Induced Aggregation of Bovine Serum Albumin (BSA) Samples
Figure 1 compares the change in percent aggregates and light scattering intensities for 2, 5,
20 and 50 mg/mL BSA samples before and after heating at 58 ⁰C. The x-axis represents specific
concentrations of proteins. The results show that all BSA samples contained 28.5% aggregates
before heating (T = 0), represented by the solid black line. The extent of aggregation increased
with time of exposure to 58 ⁰C at each concentration. The Rayleigh light scattering (secondary yaxis) represented by symbols was measured at 350 nm without subjecting the sample to any
additional processing step (e.g. filtration or dilution). Light scattering intensities also increased
when the BSA samples were heated. The increase in scattering intensities was higher at higher
concentrations and longer heating times.
5.2. Heat Induced Aggregation of β-lactoglobulin (β-lg) Samples
Figure 2 shows the UV chromatograms (280 nm) for β-lg solutions before (T = 0) and after
heating 20 mg/mL samples at 65 ⁰C for 3, 5 and 6 hours. The chromatograms show a significant
decrease in the monomer peak upon thermal stress. Chromatograms show that the percentage of
soluble aggregates increased with the longer heating times. Similar chromatographic profile was
observed on heating 50 mg/mL β-lg samples (data not shown) and aggregation occurred at a faster
rate for 50 versus 20 mg/mL β-lg samples.
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Figures 3 and 4 show the increase in percent aggregates (and thereby an increase in
scattering intensity) for 20 and 50 mg/mL β-lg, respectively. 20 mg/mL β-lg samples were heated
at 65 ⁰C for 3, 5 and 6 hours. Whereas, 50 mg/mL β-lg samples were heated at the same
temperature for 1, 2 and 3 hours. The percent aggregates measured prior to heating (at T = 0)
were less than 0.2 percent, thus was considered negligible compared to monomers. Thereby, the
scattering intensity measured at T = 0 is due to the presence of monomers of β-lg (shown by open
circles). For both 20 and 50 mg/mL β-lg, percent aggregate content and scattering intensity
increased when samples were heated for longer time periods. More than 40% aggregates were
formed by heating 50 mg/mL β-lg for 3 hours and 40% aggregates were formed by heating 20
mg/mL β-lg for 6 hours.
5.3. Heat induced aggregation of Protein X
5.3.1. Protein X Unfolding and heating temperatures
DSC scans were performed to determine the temperature of unfolding for protein X as
shown in figure 5. The onset temperature of unfolding obtained from the thermal scans was 63 ⁰C.
For dilute samples (2 and 5 mg/mL protein X), the heating studies were performed at 65 ⁰C i.e.
two degrees higher than onset of unfolding temperature to accelerate aggregation. For 20 and 50
mg/mL samples the heating studies were performed at 63 ⁰C i.e. at the onset of unfolding.
5.3.2. Aggregation studies for dilute protein X solutions
Figure 6 represents the change in percent aggregates (and consequent change in scattering
intensities measured at 350 nm) on heating 2 and 5 mg/mL protein X samples at 65 ⁰C for 0, 1, 2
and 3 hours. The samples contain ~1.2 percent aggregates prior to heating (i.e. at T = 0). The
amount of aggregates formed was greater for 5 mg/mL versus 2 mg/mL protein X at each time
point, shown by bar graphs. 10 % and 15 % aggregates were formed after heating 2 and 5 mg/mL
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respectively, for 3 hours at 65 ⁰C. The light scattering intensity (secondary y-axis) change after 1
hour of heating was negligible for 2 (triangles) and 5 (circles) mg/mL protein X. However,
heating the samples for longer time periods increased the scattering intensity.
5.3.3. Aggregation studies for concentrated protein X solutions
Figure 7 shows the change in percent aggregates measured by SEC and light scattering
intensities at 350 nm for 20 and 50 mg/mL protein X samples. The samples were heated at 63 ⁰C
for 0, 1, 2 and 3 hours. For 20 mg/mL protein X, 1% aggregates were present in samples at T = 0
and increased to 8% on heating the samples for 3 hours at 63 ⁰C. For 50 mg/mL protein X, the
percent aggregates increased to 13.4 percent on heating the sample for 3 hrs at 63 ⁰C. The amount
of soluble aggregates formed was greater for 50 versus 20 mg/mL protein X and for longer
heating times. The light scattering intensity measured at 350 nm (secondary y- axis) also
increased with formation of soluble aggregates. For 20 mg/mL protein X the scattering intensity
did not increase significantly after 1 hour of heating. However, scattering intensity of the sample
increased by a factor of 1.6 relative to the initial intensity when heated for 3 hours. For 50 mg/mL
protein X the scattering intensity increased with a longer heating times. The scattering intensity of
sample increased by 2 folds (compared to initial) when heated for 3 hours at 63 ⁰C.

6. DISCUSSION
6.1. BSA Aggregation
BSA was used for these studies because of its low cost and easy availability. Prior to heating
(T = 0) all the BSA samples contained around 28.5% aggregates. Therefore, the scattering
intensity at 350 nm (solid circles) has contribution from both 72.5% monomers and 28.5%
aggregates. Since the scattering measurements are made without diluting the samples, the increase
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in scattering intensities observed at T = 0 is because of an increase in the concentration of BSA.
The amount of aggregates increased with the extent of heating at 58 ⁰C as measured by SEC. The
monomer content decreases with the increase in aggregates. Thereby, the change in scattering
intensities after 1 (triangles) and 3 (squares) hour of heating is a function of both BSA
concentration and monomer-aggregate content. The change in scattering intensity on heating the
samples was greater for 20 and 50 mg/mL BSA (high concentration) compared to 2 and 5 mg/mL
BSA. This is because at higher concentration, larger amount of aggregates are formed that will
contribute to increase in scattering intensity. However, the sensitivity of the assay decreases due
to the presence of aggregates at initial time (high baseline) making this batch of BSA a poor
model for assessing the potential of UV light scattering to detect increase in aggregates.
6.2. β-lactoglobulin Aggregation
β-lactoglobulin used for the studies, provides a better model because the protein batch
contained less than 0.02% aggregates at T = 0 (low baseline). The heat-induced aggregation
mechanism of β-lg in pH 7 low ionic strength buffer is reported in detail by Aymard et al.15 β-lg
exists as a dimer at neutral pH and on heating dissociates into reactive monomers with exposed
sulfhydryl groups. The reactive monomers associate to form higher order aggregates. When the
samples are heated at 65 ⁰C, two distinct elution peaks and a small shoulder were observed in the
chromatogram (figure 2). This signifies the presence of three species i.e. higher order aggregates,
dimer and reactive monomers. The intensity of aggregate peak increased with the increase in
incubation time indicating the increase in the aggregate content. 50 mg/mL β-lg samples had
similar chromatograms however, concentration of aggregates generated was higher compared to
20 mg/mL β-lg.
Analysis of aggregate content
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Table 2.I. compares the change in aggregate-dimer content (measured using SEC) and light
scattering intensities on incubating 20 mg/mL β-lg at 65 ⁰C. The amount of aggregates formed
increased with longer heating time because of the formation of higher order aggregates. The
change in percent aggregates increased the total light scattering intensity because particles of
greater size and concentration scatter more light (refer to Rayleigh scattering equation in chapter
3). For example, heating 20 mg/mL β-lg increased the UV light scattering intensity by a factor of
2.4, 5.0 and 6.0 compared to the initial, in the presence of 13, 33 and 40% aggregates. Table 2.II.
summarizes the relationship between changes in the concentration of β-lg species (aggregates and
dimers) and increase in scattering intensity on heating 20 mg/mL samples. The calculations were
performed using the following assumptions:
1) Molecular weight is the only factor effecting the total scattering intensity of the sample.
2) ‘a’ is the average molecular weight of β-lg species before heating (T =0).
3) The molecular weight of aggregates is 8a. The approximation was based on the elution time of
the aggregate peak.
4) Percent aggregates and dimers measured by SEC were used as the concentration of those
species in the samples.
5) Total scattering intensities were calculated by adding the contribution by aggregates and
dimers.
The values in last column of Tables 2.I. and 2.II. are the change in scattering intensity of β-lg
samples after heating for 3, 5 and 6 hours compared to the initial (T = 0). If the aggregation was a
two state model of dimer forming a higher order aggregate with 8 dimer subunits then the
scattering intensities will be proportional to the increase in molecular weights. But as aggregation
gets complex higher order aggregates of different sizes are formed making the molecular weight
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estimations complex and difficult. This explains the deviation of calculations performed in table
2.II.
For 50 mg/mL β-lg samples, the amount of aggregates formed increased both with longer
heating times and with higher concentration of proteins. For example, on heating 20 mg/mL β-lg
for 3 hours generated 12.8% aggregates, whereas, heating 50 mg/mL β-lg at the same temperature
for 3 hours generated 44.5% aggregates. This is because at higher concentrations of proteins in
solution means greater amount of reactive proteins and the probability of seeing another protein
molecule in solution. In case of 50 mg/mL even the presence of 1.68% aggregates (after heating
samples for 1 hr) increased the light scattering intensity by 1.1 times. These studies show that the
presence of greater than 2% aggregates can be detected using UV light scattering for β-lg type of
proteins.
6.3. Protein X Aggregation
Before heating, the samples were analyzed for amount of aggregates present which were
found to be 1.3% for 2 and 5 mg/mL protein X. Table 4 compares the increase in aggregate
content and scattering intensity on heating 2, 5, 20 and 50 mg/mL protein X samples for 1, 2 and
3 hours. On heating for 3 hours the percent aggregates increased to 10 and 15% respectively, for 2
and 5 mg/mL protein X. A significant change in scattering intensity was also observed at longer
heating times and can be qualitatively compared to the increase in aggregates (measured using
SEC). For example, scattering intensity of 2 mg/mL protein X increased by a factor of 1.2 (3.8%
aggregates) at 2 hours and a factor of 1.5 (10.2% aggregates) at 3 hours of heating. In dilute
protein solutions, lower concentration of small sized aggregates are formed and the presence of
more than 4% aggregates can be detected using UV light scattering intensity.
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On heating 20 mg/mL protein X sample for 1 hour, 3.3% aggregates were formed
(measured by SEC) but a significant increase (from T=0) in scattering intensity was not observed.
This is because a small change in scattering intensity is observed for low aggregate contentment
and is therefore, difficult to analyze. However, longer heating times increased both the percent
aggregates and thereby, increase the total scattering intensity for the samples. Similar change in
aggregate content and scattering intensity was measured for 50 mg/mL protein X samples on
heating.
6.4. Determination of increase in scattering intensity of protein X samples on aggregation
Approximate calculations were performed to determine the increase in scattering intensity
on aggregation, by assuming that only dimers are formed on heating the samples. The following
calculations were performed for dilute protein X solutions (similar to β-lg analysis):
2 mg/mL protein X
T=0

1.2 (2a) + 98.8a =

101.2a

T = 1 hr

1.7 (2a) + 98.3a =

101.7a

1.01X

T = 2 hr

3.8 (2a) + 96.2a =

103.8a

1.03X

T = 3 hr

10.2 (2a) + 89.8a =

110.2a

1.09X

T=0

1.3 (2a) + 98.7a =

101.3a

T = 1 hr

2.0 (2a) + 98.0a =

102.0a

1.01X

T = 2 hr

9.5 (2a) + 90.5a =

109.5a

1.08X

T = 3 hr

15.3 (2a) + 84.7a =

115.3a

1.14X

5 mg/mL protein X
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The following calculations were performed for concentrated protein X solutions:
20 mg/mL protein X
T=0

1.0 (2a) + 99.0a =

101.0a

T = 1 hr

3.3 (2a) + 96.7a =

103.3a

1.02X

T = 2 hr

5.9 (2a) + 94.1a =

105.9a

1.05X

T = 3 hr

8.1 (2a) + 91.9a =

108.1a

1.07X

T=0

1.0 (2a) + 99.0a =

101.0a

T = 1 hr

5.7 (2a) + 94.3a =

105.7a

1.05X

T = 2 hr

10.2 (2a) + 89.8a =

110.2a

1.09X

T = 3 hr

13.4 (2a) + 86.6a =

113.4a

1.12X

50 mg/mL protein X

The increase in light scattering determined by approximate calculations (shown above) are
qualitatively comparable to the experimentally measured increase in light scattering (shown in
table 4). The values for dilute solution calculations are closer to the measured values. However, at
higher concentrations aggregates of larger size will be formed that contribute to the scattering
intensity. Therefore, the change in scattering intensity calculations should include formation of
higher order aggregates (other than dimers) to get better estimate of aggregate content.
These studies demonstrate that UV light scattering can be used for detecting an increase in
percent aggregates for both dilute and medium protein concentrations. The greatest advantage of
this technique is reduced preparation and analysis times, by eliminating sample dilutions, column
equilibration, need for different mobile phases that is typical for SEC analysis. UV light scattering
can be used to detect both soluble and insoluble aggregates. Furthermore, it also has the potential
of detecting self-association (demonstrated previously in chapter 4). UV light scattering can be
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used as a high throughput technique with 96 well plate readers and can measure sample
concentration along with detecting self-association and aggregation of proteins.
Information regarding the properties and distribution of protein aggregates requires further
characterization using techniques like SE-HPLC or AUC.

7. SUMMARY AND CONCLUSIONS
Similar to SEC (the industry standard), UV light scattering can be used to track aggregation
in proteins with an added advantage of being able to analyze both soluble and insoluble
aggregates. Additionally, one of the major advantage of this technique is that the protein samples
can be analyzed at the same concentrations at which they are formulated i.e. it eliminates the need
to dilute the samples before analysis providing a more representative analysis of aggregation. The
study shows that UV light scattering can be used as a rapid and economic tool for detecting
aggregates to screen lead candidates.
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9. Tables

Table 1. Properties of the model proteins used for the studies

𝜺1mg/mL (mL/mg*cm)

Protein

Abbreviation

β-lactoglobulin (A&B mix)

β-lg

0.960*

18.4*

Bovine serum albumin

BSA

0.661*

67.0*

Protein X

--

at 280 nm

1.500

MW (kDa)

149.0

*Pace et al. 1995.16

104

Table 2. Comparison of the change in amount of soluble aggregates and light scattering
intensities before (T = 0) and after heating 20 mg/mL β-lg at 65 ⁰C for 3, 5 and 6 hours.
I.
Heating
time

Percent Aggregate

Percent Dimer

LS Intensity

100

170,199

T=0

Increase in LS
from T=0*

T = 3 hr

13

87

412,910

2.4X

T = 5 hr

33

67

857,569

5.0X

T = 6 hr

40

60

1,026,606

6.0X

II.
Heating
time

Approximate calculation of scattering contribution+
Aggregates

T=0

Dimers

Total

100a

100a

Increase in LS
from T=0*

T = 3 hr

13 * 8a

87a

191a

1.9X

T = 5 hr

33 * 8a

67a

331a

3.3X

T = 6 hr

40 * 8a

60a

380a

3.8X

* The change in scattering intensity is the ratio of scattering intensity of β-lg samples after heating
for 3, 5 and 6 hours to scattering intensity before heating (T = 0).
+ Approximate calculations of scattering intensity contribution of each sample was performed
using the following assumptions:
1) Molecular weight is the only factor effecting the total scattering intensity of the sample.
2) ‘a’ is the average molecular weight of β-lg species before heating (T =0).
3) The molecular weight of aggregates is 8a. The approximation was based on the elution time
of the aggregate peak.
4) Percent aggregates and dimers measured by SEC were used as the concentration of those
species in the samples.
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Table 3. Comparison of the change in amount of soluble aggregates and light scattering
intensities before (T = 0) and after heating 50 mg/mL β-lg at 65 ⁰C for 1, 2 and 3 hours.
I.
Heating
time

Percent Aggregate

Percent Dimer

LS Intensity

100

313150

T=0

Increase in LS
from T=0*

T = 1 hr

2

98

350126

1.1X

T = 2 hr

26

74

956758

3.1X

T = 3 hr

45

55

1413876

4.5X

II.
Heating
time

Approximate calculation of scattering contribution+
Aggregates

T=0

Dimers

Total

100a

100a

Increase in LS
from T=0*

T = 1 hr

2 * 8a

98a

112a

1.1X

T = 2 hr

26 * 8a

74a

283a

2.8X

T = 3 hr

45 * 8a

55a

412a

4.1X

* The change in scattering intensity is the ratio of scattering intensity of β-lg samples after heating
for 1, 2 and 3 hours to scattering intensity before heating (T = 0).
+ Same as Table 2.
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Table 4. Comparing the increase in percent aggregates (measured by SEC) and scattering
intensity (measured at 350 nm) on heating 2, 5, 20 and 50 mg/mL Protein X for 1, 2 and 3 hours.
Percent Aggregates+

Protein

Change in scattering intensity*

Concentration
(mg/mL)

T= 1 hr

T= 2 hrs

T= 3 hrs

T= 1 hr

T= 2 hrs

T= 3 hrs

2

1.7

3.8

10.2

1.0X

1.2X

1.5X

5

1.9

9.5

15.3

1.0X

1.3X

1.6X

20

3.3

5.9

8.1

1.0X

1.3X

1.6X

50

5.7

10.2

13.4

1.1X

1.5X

2.1X

+ 2 and 5 mg/mL protein X samples contained 1.3% aggregates at T = 0 and were heated at 65 ⁰C. 20 and
50 mg/mL protein X samples contained 1% aggregates at T = 0 and were heated at 63 ⁰C.
* The change in scattering intensity is the ratio of scattering intensity of Protein X samples after heating
for 1, 2 and 3 hours to scattering intensity before heating (T = 0).
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10. Figures

Figure 1. Percent aggregates (primary y-axis) and scattering intensity (secondary y-axis)
as function of BSA concentration. The bar graph represents percent soluble aggregates
measured using SE-HPLC. Mobile phase: Phosphate buffer pH 7.0 and ionic strength 200
mM. The scattering intensities measured before heating (T = 0) are represented by circles
and after heating at 58 ⁰C for 1 and 3 hours by triangles and squares, respectively. The
lines connecting the data points are only to guide the eye of the reader and are not a result
of fitting a model to the data. The solid black line represents the presence of 28.5%
aggregates before heating the samples (T = 0).
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Figure 2. UV chromatograms (280 nm) for β-lg solutions before (T = 0) and after heating
20 mg/mL sample at 65 ⁰C for 3, 5 and 6 hours. All the samples were diluted to 2 mg/mL
concentration before obtaining the chromatogram. Mobile phase: Phosphate buffer pH 7.0
and ionic strength 200 mM.
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Scattering due
to monomers

Figure 3. Percent aggregates measured by SEC (primary y-axis) and light scattering
intensity measured at 350 nm (secondary y-axis) for β-lg solutions before (T = 0) and after
heating 20 mg/mL sample at 65 ⁰C for 3, 5 and 6 hours. The bar graph represents percent
soluble aggregates calculated using SE-HPLC for 20 mg/mL β-lg diluted to 2 mg/mL.
Mobile phase: Phosphate buffer pH 7.0 and ionic strength 200 mM. The circles represent
static light scattering intensities of 20 mg/mL β-lg measured without any further dilution.
The lines connecting the data points are only to guide the eye of the reader and are not a
result of fitting a model to the data.
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Scattering due
to monomers

Figure 4. Percent aggregates measured by SEC (primary y-axis) and light scattering
intensity measured at 350 nm (secondary y-axis) for β-lg solutions before (T = 0) and
after heating 50 mg/mL sample at 65 ⁰C for 1, 2 and 3 hours. The bar graph represents
percent soluble aggregates calculated using SE-HPLC for 50 mg/mL β-lg diluted to 2
mg/mL. Mobile phase: Phosphate buffer pH 7.0 and ionic strength 200 mM. The
circles represent static light scattering intensities of 50 mg/mL β-lg measured without
any further dilution. The lines connecting the data points are only to guide the eye of
the reader and are not a result of fitting a model to the data.
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Figure 5. Thermal unfolding scan obtained by differential scanning calorimetry (DSC)
for 1 mg/mL protein X in 15 mM phosphate buffer at pH 7.
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Figure 6. Percent aggregates measured by SEC (primary y-axis) and light scattering
intensity measured at 350 nm (secondary y-axis) for protein X solutions before (T = 0)
and after heating 2 and 5 mg/mL samples at 65 ⁰C for 0, 1, 2 and 3 hours. The bar
graphs represent percent soluble aggregates calculated using SE-HPLC. The open
symbols represent initial scatter intensity and closed symbols represent scattering
intensities of samples after heating. The lines connecting the data points are only to
guide the eye of the reader and are not a result of fitting a model to the data.
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Figure 7. Percent aggregates measured by SEC (primary y-axis) and light scattering
intensity measured at 350 nm (secondary y-axis) for protein X solutions before (T = 0)
and after heating 20 and 50 mg/mL samples at 63 ⁰C for 0, 1, 2 and 3 hours. The bar
graphs represent percent soluble aggregates calculated using SE-HPLC. The open
symbols represent initial scatter intensity and closed symbols represent scattering
intensities of samples after heating. The lines connecting the data points are only to guide
the eye of the reader and are not a result of fitting a model to the data.
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Chapter 6

Summary
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Reversible (self-association) and irreversible aggregation are two of the major degradation
pathways for proteins in solution. Reversible aggregates can increase solution viscosity,
decrease bioavailability and/or lead to the formation of irreversible aggregates. Furthermore,
irreversible aggregates can cause immunogenic reactions and decrease drug potency. Therefore,
aggregation (both reversible and irreversible) negatively affects manufacturing, delivery and
product quality, making it critical to analyze protein aggregation behavior in an early
development stage. Static light scattering is one of the most successful techniques to
characterize different properties of proteins in solution. A review of the applications of static
light scattering with a focus on characterizing molecular weight, protein-protein interactions,
self-association and aggregation of proteins was discussed in Chapter 2. The basic
instrumentation and limitations associated with present light scattering techniques were
summarized. Based on the literature review, discussion about the scope of static light scattering
as a tool to analyze proteins at a wide range of concentrations and solution conditions was
made.
Static light scattering intensity has an inverse fourth power dependence on the wavelength
of incident light. Thereby, using shorter wavelengths in UV range can increase the sensitivity of
the technique. The current static light scattering techniques use light sources with wavelengths
greater than 600 nm to avoid interference from other optical phenomena such as chromophoric
absorption by protein residues. A systematic investigation of the effect of absorption on 90⁰
Rayleigh scattering and turbidity measurements was performed in Chapter 3. The results
showed that turbidity of macromolecules was unaffected by the presence of absorbing
molecules. However, 90⁰ Rayleigh scattering intensities decreased at wavelengths where
absorption was significant. Thereby, the scattering intensity decrease was observed due to
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reabsorption of scattered light by the protein chromophores and depends on molar absorptivity,
molecular weight and concentration of proteins.
The studies and results reported in Chapter 4 showed the ability to develop ultraviolet
light scattering as a high-throughput technique to detect reversible self-association in protein
formulations. Solution conditions (pH and ionic strength) and protein concentration based selfassociation was studied using β-lactoglobulin A and glutamate dehydrogenase (GDH),
respectively as model proteins. The results show that when a single species (monomer or dimer)
was present, the scattering intensity was directly proportional to protein concentration, as seen
in the case of β-lactoglobulin A and the slope was related to the molecular weight of the species.
However, when more than one type of species were present (i.e. a mix of monomer, dimer or
other oligomers), a non-linear increase in scattering intensity was observed as seen in the case
of GDH. The studies demonstrate that UV light scattering can be used as a fast and rapid tool
for detecting self-association in proteins. Additionally, it can be used to screen different solution
pH and ionic strengths to optimize formulations at an early development stage.
The studies to investigate the application of ultraviolet static light scattering to detect
change in aggregate content for protein formulations in the concentration range of 2 – 50
mg/mL was reported in Chapter 5. Bovine serum albumin, β-lactoglobulin and a monoclonal
antibody were used for this purpose. The results demonstrate that UV light scattering can be
used to detect aggregation in proteins with an advantage of being able to analyze both soluble
and insoluble aggregates. Additionally, one of the major advantage of this technique is that the
protein samples can be analyzed at the same concentrations at which they are formulated i.e. it
eliminates the need to dilute the samples before analysis providing a more representative
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analysis of aggregation. This work plays a critical role in expanding the application of static
light scattering to the ultraviolet range and systematically investigating its use for detecting
reversible and irreversible aggregation in protein solutions.
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SYMBOLS
𝐴, Absorbance of sample
𝑎𝑎𝑏𝑠 , Absorption coefficient
𝐾𝑎 , Association constant
𝑁𝐴 , Avogadro’s number
𝐵2, Thermodynamic second virial coefficient
𝑐, Concentration of the scattering molecule (mg/mL)
𝑤, Concentration of the scattering molecule (g/mL)
𝐻, Constant related to the optical constant 𝐾
𝑟, Distance between the scattering molecule and the detector (cm)
𝐼, Intensity of transmitted light
𝐼0 , Intensity of incident light
𝑀𝑤 , weight-average Molecular weight of the scattering molecule (Da)
𝑖𝑠 , Time-average scattering intensity
γ, Thermodynamic activity coefficient
𝜏, Turbidity of solution
𝐾, Optical constant
𝑙, Path length (cm)
𝑅𝑔 , Radius of gyration of the scattering particles
𝑅𝜃 , (excess) Rayleigh scattering ratio
𝑛, Refractive index of solution
𝑛0 , Refractive index of solvent
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𝑑𝑛⁄𝑑𝑐 , Refractive index gradient for the solvent/scattering molecule pair
𝜃, Scattering angle
𝜆0 , Wavelength of incident light in vacuum
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